
GOVERNMENT OP INDIA 

\RCHGEOLOGICAL SURVEY OF INDIA 




CENTRAL 

ARCHEOLOGICAL 

LIBRARY 


accession no. 16760 

CALL No. 57J.4/C09./ ftU 

d.g.aTt^ 

















































PITT RIVERS MUSEUM 
UNIVERSITY OF OXFORD 

Notes on Prehistoric and 
Early Iron in the Old World 

BY 

H. H. COG H L AN 

A M.LMrth l. . FJi-A. 


including 

A MfltiHographic and Metalhtrguot Exaitrinalion 
J tptcmem teltcteJ fy th* Pitl Riven jV/m«a* 
h [fffjM t>J tit OrKtar «f ktuarth amt Trthnxal Dn^ofimiWi 
nf Mrim. i'rwarfr (fW 

an n C 0 NIR 1 BVT 10 N 5 nr 

L M. ALUEN 

* 

.IJwrUtti riMnk 

li) 7 G 0 

% 4 

Occasional Papers on 7 ethnology, S 

EDITED BT 

T. K, PENN I MAX AN 13 B. M BLACKWOOD 

571 <4, 

OXFORD 

PRINTED AT TilE UNI VERS II V PRF- SS 
'*** 






vAMlRAL ARCHAEOLQGIGa* 
LJ1RARY, Kj 

Am. _,./j 


" * ** f m f* ■ ‘Zrt.Z.'L^ 

«w *». —2_Z£.-_4/_Cj^.r.. 


mrxnm pt c.wjiat hritaih 
AT Tin trMTKHSrFY Hto, OIFTifED 
6Sf VHARLO Mtnfj HSl^TTS to T|3E CNIVTAiftT 





PREFACE 


T h e author of the present Notes on Pr (historic and Early Iron in the 
Old World has already published Notes on the-Prehistoric Metal¬ 
lurgy of Copper and Bronze in the Old World in this series, and the 
steady demand for this book and requests for a similar work on iron have 
led us to offer such a work as the eighth of our Occasional Papers on Tech¬ 
nology. Mr. Coghlan is well qualified to Follow our general method in this 
series. In his early days as a pupil in a large engineering works he learned 
the actual methods and practice in the forge and foundry . Before devoting 
his attention to archaeology and ethnology and Inter to the direction ol 
a museum, he had over twenty years of experience as a chartered mecha¬ 
nical engineer, and had much experience in ihc laboratory testing the 
materials of construction, including especially iron, copper, and bronze. 
His interest in prehistoric and primitive metallurgy began during his 
work in Burma, where he had ample opportunity to study primitive 

metallurgical processes at first hand. „ , , 

For some years he has been Chairman of the Ancient Mining and 
Metallurgy Committee of the Royal Anthropological Institute of which 
the Curator of the Pitt Rivers Museum is also a member, and tor this 
book they have been most fortunate, through the good offices of the 
British Iron and Steel Research Association, to enlist the services of the 
great firm of Messrs. Stewarts & Lloyds, whose Director of Research and 
Technical Development gave permission for the nice allographs an jJ 
metallurgy! lamination of a number of^porttm, speomen Mhe work 
being carried out under the direction ot Mr. 1 . H. \\ dliams, Ian g , 
Chemical Research, and of Mr. P. Whitaker. Manager Metal!urgural 
Research. We arc deeply grateful to them for the care and interest tl cy 
showed in die preparation of reports on iron objects ranging from about 
800 h.c. to after a.d. 1000. thus helping us towards mdung_ a skeleton 
picture of what the blacksmith knew over a long period of uroc mi 
helping malerially to till gaps in the collected records » * r "^ 
In Life examples, further information could have been given it the term, 
of reference had nilcvwcd sectioning of the o jeets. . » 

One of our considerable duties w as to find iron from so many periods 
and areas which was capable of yielding usehll results 'll 'he analysts for 
iron is a most perishable material, and much of the evidence lor which wc 
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sought would have vanished with corrosion* I hus we had to collect a 
great deal of material in order to choose some that was sound enough to 
be worth analysing. We arc glad here to record our thanks to Mr. D. B, 
Harden* Keeper of the Department of Antiquities in the Ashmolcan 
Museum for iron from Syria* Jugoslavia, and elsewhere in Europe* rang* 
ing from 600 n.C. to Mediaeval rimes* to Miss Olga Tufnell ol the Wcll- 
come-Marston Archaeological Research Expedition to the Near East for 
iron from ancient Lachish of the sixth century n.c*, and to Mr. Richard 
Barnett of the Department of Egyptian and Assy rian Antiquities of the 
British Museum for iron from Nimrud of the eighth century b.c. To 
D r. Karl Kromcr of the Priihistorischc Sammlung im Na tu rhist orische n 
Museum* Vienna, we are indebted for Hallstatt iron of about 600 b.c., 
and to Professor Dr. Alfred Biihler of the Museum fur Velkcrkunde of 
Easel for obtaining two La Tine swords of about 50 a*C, from the I Its- 
totifichcs Museum* Basel* which we were allowed to analyse. Mr. W, A. 
Smallcombe, Director of the Reading Museum and Art Gallery, kindly 
knt us a Roman axe of rhe fourth century a.d. from Silchester, and a 
Saxon axe, and the author supplied the fine Danish axe of the ninth 
century A.o. Among others who helped us in our search lor suitable iron, 
wc arc happy to thank Mr. Scton Lloyd of the British School at Ankara, 
Dr* Claude F. A. Schaeffer of Sl Gcrmain-en-Layc, Mr. A, H. S. 
Mcgaw of Nicosia, Mr. W, F„ Grimes and the Roman and Mediaeval 
London Excavation Council, Dr. G. H. S. Bushncll* Curator of the 
University Museum of Archaeology and Ethnology, University of Cam¬ 
bridge* arid Mr. H. St. George Gray. To name all who have helped would 
indeed be difficult. The file of letters about this book* if primed* would 
be as long as the book. 

For permission to reproduce figures and use material already pub¬ 
lished, wc are indebted to M. Edmond P. Fouss* Conservateur, Mus£e 
Gaumais* and M. A. France-Lanord, Mr. J, W. Lillico, Professor Dr. 
R. j. Forbes. Messrs. Johann Ambrosius Barth (for work by Weicrs- 
hausen and Ohlhavct), Dr. Mcnzcl of the Rbmisch-Germauischcs 
'Zcntral-museum, Mainz, for permission to use figures by Lmdcnsehmii, 
the Deutsches ArcMologischcs Institut, Frankfurt* for the use of figures 
by Witter, Professor Gordon Childe for permission to use figures pub¬ 
lished by the University of London Institute of Archaeology, and to 
Professor R. Pittioni, 

Our thanks are due to Mr. G. C. Boon of the Reading Museum for 
advice and information concerning heavy Roman iron forging, to Mr. 
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W. L. Brown of the Ashmolcan Museum for most valuable advice and 
information in the preparation of Chapter IV, to Mr. H. J. Case of the 
Ashmolean Museum for reading the chapter and advising us, and to 
Dr. William Cohn of the Museum of Eastern Art tor much help and 
advice. Wc are glad, too, of the opportunity to thank Professor Joseph 
Needham of the University of Cambridge for a long and valuable corre¬ 
spondence in which he placed at our disposal much of the material on 
ancient Chinese cast iron which he has collected for future volumes oj 
his great work on Sconce and Civilisation in China, now being published 

by the Syndics of the Cambridge University Pres*. 

Finally, it is a great pleasure to thank Mr, K. H. IT. Walters and 
Mr. I. M.’ Allen of the Pitt Rivers Museum for all the time and care they 
spent in sorting and preparing illustrations for the Press, Mr K. L.. 
Gurden, Secretary and Librarian of the Museum, for work on the bib¬ 
liography and text, and the Staff of the University Press lor the care and 

trouble and beautiful craftsmanship they always spend on our books. 

T. K. P, 

B. M. B. 


University of Oxford 
Pin Rivers Museum 
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Chapter I 

THE IRON ORES AND ANCIENT MINING 


iron ores and their distribution 

F rom a technical and cultural point of view it may be considered 
that the discovery of iron was not an event of the same importance 
as that of the discovery of how to extract copper from its ores, lor it 
may he argued that copper and its various alloys could, in some measure, 
have taken the place of iron, although at a greatly i ncreased cost and with 
much reduced efficiency. However, it cannot he disputed that the d.s- 
covery of iron was also of the very greatest importance in the evolution 
of metallurgy. The discovery opened up an entirely new held m that it 
led to the availability of a vast quantity of relatively cheap metal which 
was of a nature much more suitable to the manufacture of tools and 
weapons than the non-ferrous alloys could be. Also iron is of course, 
well suited to a wide range of domestic and general use. In dealing with 
early iron wc must consider that obtained from two sources: 

(</) Iron which is obtained from the ores. 

(4) Meteoric and natural iron. 

Consider, first, metal obtained from the ores. It is of course well known 
that iron ores do not resemble in appearance the metallic iron which can 
be extracted from them. In many cases the ores arc earthy-looking sub¬ 
stances bearing no superficial relationship to the desired metal. Heat and 
the chemical process termed reduction are required m order to extract the 
metal from the parent ore; this is also known as the smelting process. 1 he 
ores from which iron is obtained arc extremely plentiful and widely dis¬ 
tributed; indeed, next to aluminium, iron is the most widely distributed 
of all the metallic elements. The quantit y of iron contained in the various 
ores varies considerably, and in order that the ore may be worth working 
the percentage of iron which can be extracted by smdtmg must be 
reasonably high, for example, zo per cent, and upwards. Iron ores are 
usually classified as sedimentary, crystalline, and replacement. In general, 
it i s „ot necessary for the archaeologist to concern himself with the com¬ 
plex details of the mode of formation of the mctalhferrous ores. 
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following remarks by Fearnsidcs and Bui man (1944, p. 1 15) W ^1 indi¬ 
cate the differences in the general classification; 

Most iron ores carry the metal in the form of oxides, carbonate or silicate, and 
contain 3t least 20 per cent of iron. The usual classification is into sedimentary, 
crystalline and replacement ores. A sedimentary ore is a deposit of hydrated 
oxide, carbonate or silicate, formed by precipitation, which is part (sometimes 
nearly the whole) of a bed of sediment; in a replacement ore, the iron has been 
brought in subsequently by solutions, which by interaction have replaced the 
original, generally calcareous, rock. There arc also high-grade magnetite ores, 
formed at high temperature by crystallization of excess of iron in igneous and 
met amorphic rocks. These last arc of great importance in Sweden, Russia and 
Eastern America. 

Of the various iron ores, some are suitable for smelting by a primitive 
people, while others are unsuitable for primitive methods of smelting. 
This aspect of the question will be considered later on. The following 
ores may be mentioned: 

oxide ores. Haematite, Fe 2 O a . 

Magnetite, FcgO* (sometimes known as lode-stone). 

Limonite, aFe^CVjHjG. 

sulphide. Iron pyrites and Marcasire, FcS s (iron disulphide), 

Pyrrhotite, Fe^S* (the magnetic sulphide) 

car.sonati. Spathic ore or Siderite, FcC0 3 . 

Retail (192^, p. 314) gives the following figures of the iron content 
for certain ores: 

Magnetite. Iron content when pure 72-4 per cent. 

Haematite. „ „ 7°'° » 

Gocthite „ „ 6 i’(f „ 

Limonite. „ „ Variable. 

Pyrite. „ >* P cr cet5t * 

Chalybite (Siderite), Spathic iron ore FeCO a , content of 48-3 per cent. 

Haematite, magnetite, and limonite were of importance in the early 
processes. Of these Professor Park (1925, p. 185) says: 

MAomrrtTE. This mineral is commonly found in igneous and crystalline rocks. 
It occurs in thick beds, irregular masses frequently of great extent, and as small 
grains disseminated throughout many igneous and altered rocks. In rocks sub¬ 
ject to weathering it changes first to the carbonate and then to the brown or red 
peroxide. Hence sands, gravels, and compact rocks containing magnetite soon 
assume a rusty-brown colour on the surface when exposed to the action of air and 
water. 

haematite. This valuable ore of iron occurs as beds in ter strati lied with sedi¬ 
mentary and schistose rocks, and as a constituent of many mineral veins. 
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uMOKItb This ore occurs in beds and irregular deposits in stratified torma- 
tjons, and as the gossan or cap of sulphide lodes. In tne form of bog-iron* it :s 
frequently found in irregular sheets on the lake bottoms and in marsh lands 
where it has been deposited by the action of organic acids or iron bacteria* This 
is the oxide of iron which gives the prevailing yellow or rusty-brown colour to 
soils, clap, sands, and many sandstones. 

Concerning the iron content of the following ores, Forbes (1950, 
p. 58 s) gives some figures of interest: 

Umpniit (Brown iron ore, Brauneisenera) has a theoretical iron content of 59*9 
per cent., and a practical iron content of 25-5S per cent, 

Oo/ithic iron ore. Practical iron content of 24-46 per cent. 

Bog-are (Umonite, Rasenctscncrz} has a practical iron content of 35-55 per cent. 
Spathic iron (Sideritc, Spateiscnstcin) has a theoretical iron content of +8-3 per 
cent,, and a practical iron content of 30-44 per cent, 

Blaekband (Kohlencisenstetn), practical iron content of 36—4° per cent. 

The actual distribution of iron ore in the Old World is a matter which 
cannot here be gone into in any detail. As wc have previously mentioned, 
iron ores are so common and so widely distributed that it would be a long 
and difficult task to give anything like a comprehensive list of the known 
deposits. The famous Hal 1 st a ti iron, and other important European depo¬ 
sits, are well known. For the most ancient iron working certain deposits 
arc of considerable importance and the following mentioned by Gowtand 
(1912, pp. 281 ff.) are of interest. In western Asia there arc two impor¬ 
tant districts where iron ores arc of very extensive occurrence; one is the 
region on the south-east of the Euxine (ancient Paphlagonia and Pom us), 
extending from the modem Ycshil Irmak to Baium- the other is the 
Taurus and Anti-Taurus region on the south-east of Asia Minor, extend¬ 
ing on the west from Cape Anamor to the borders of Syria and in Syria 
to Aleppo, the Euphrates, and Lebanon, Iron ore is also found in the 
Xiyari Mountains to ihc north-cast of the site of Nintvcb and in the 
neighbouring part of Kurdistan. It is also recorded that Ashur-nasir-pal 
(885-860 b.c.) obtained iron in the neighbourhood of Carchcmish. in 

* r.rt't A */<?«%> London, tot;, p 44 >> 

peroxide of iron which frequently foraa on (lie botioai of wmapa xml siialiow Of the mode of 

deposition he tavi (p. «), 'Rab water in it* passage through rock* wtiWlluag sulphides frequently 
beentuc clurerd ^jth ii<m sals. When the water i»ue* at the rorfcce the iron. ihrough the *rti« oj the 
atmwphcne carbon dioiidc, it oonvettai into the (effuut earWie The ettWie is rapidly oiultsed 
br the ottyto of theair into the hydro* oxide, which falls a* a yellow or fo brown predate- b thw 
arc famed the limonnc (hydro* peroxide of irony eesii»freqnentir to usd (nroiing fen’agtntiu* 
^ ud altered igneous roeb. Theearicty of the hydr.m. pero^de known «Irog-ironoro 1* famed 
in the bottom of amp and Ufiowti by the same series of react***, aided bj the opeWion of Ceram 
specie* of bacteria.' 
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northern Persia, in the neighbourhood of Par pa, between Kerman and 
Shiras and not far from Pcrsepolis, there are extensive remains of early 
iron workings which were doubtless the source of the vast numbers of 
iron implements and objects found on the plain in the vicinity of that 
ancient city. Also in northern Persia in the Karadagh district mounds of 
prehistoric iron slag of enormous extent have been found. Gowtand also 
states that in India iron ores have been worked in early rimes in the 
North-West Provinces, the Western Ghats, Mysore, Madras, and 
Hyderabad, also In central Asia. 

For a more detailed survey, Professor R. J. Forbes (1950, pp. 380 AT.) 
may be consulted with advantage. He gives a most useful map showing 
some of the more important iron ore deposits of the Ancient Near East. 

ANCIENT MINING 

The study of prehistoric iron calls for some consideration of mining in 
general, of copper as well as of iron. Ancient mining long predates the dis¬ 
covery of iron, for In the Neolithic period of western Europe pit and gallery 
mining go back to the well-known flint mines such as Grimes Graves in 
Norfolk and Spiennes in Belgium, where shafts reached to as much as 
50 feet in depth. 1 This was the mining of hint and other stone for the 
production of tools and weapons. According to Professor R. J. Forbes 
(1950, F* +3) the earliest traces of such mining go back to Palaeolithic 
limes when certain centres mined flint and exported it over considerable 
distances. However,in the Neolithic period the trade materially increased 
and became important. The history of ancient mining is a subject which 
covers a vast field. Much work has been accomplished by Oliver Davies, 
C. E. N. Bromchead, and the invaluable research of Professor Pittioni 
and others. However, ow ing to the relatively small amount of field work, 
and evidence from mining experts, it cannot be said that the study U as 
yet far advanced. There is still need for further examination of ancient 
mines in the manner of von Miskc’s work on the early HstUstatt mines at 
Velem St. Veit in western Hungary, and of Professor Pittioni’s and 
Dr. Franz Ham pi's researches in Austria. 

Although there is now evidence to prove the early smelting of the sul¬ 
phide ores of copper in the European Alpine zone, iron ores are so plenti¬ 
ful 3nd widespread as compared with those of copper that there would 
have been no need for intensive mining {Clark 1952, p. 201). Hence, it 
is probable that the material for the first prehistoric iron smelting was not 

< For a mod nr review of flirt wining f« Clark (19J*. pp. 174-S2), 
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mined in the modem sense of the term, the ore being merely collected 
from surface workings. In art important paper mt the 'Evidence tor 
Ancient Mining* Mr. Bromchcad [1940, p. no) says that in certain 
Iron Age workings in Jutland the ore used was a superficial I i mo nil e pan, 
and that such workings must have been common all over Europe. Evi¬ 
dence for these superficial workings is no doubt difficult to detect, but 
there is little doubt that they may account for much prehistoric iron 
production. Of a far more advanced nature were the Vet cm mines, of 
which Bromchcad remarks that the original open-cast was 40 feet in 
diameter. This was fully explored to a deprh of 18 feet, but it was con¬ 
sidered that there must have been a shaft to aoo feet. The ore was si der¬ 
ite, and a roasting operation involving charcoal fuel appear* 10 have 
been used; fire-set ring was employed, and the extracted ore was broken up 
by means of heavy stone mauls. These and other tools are illustrated in 
von Miskes report (1929, p. 82). 

In Britain we have little evidence for actual iron mining before the 
Roman period. Iron was worked in this country from late I hills tan or 
early La Tfcnc times, but the ore was probably obtained by collecting 
or open-east methods rather than by true mining. Bromchcad (1947, 
p. 361) states that in and around ihe Forest of Dean there were many 
iron works, and in some cases extensive mines. At Cole ford a large pit 
20 to 30 yards in diameter was excavated and the ore vein followed by 
galleries. Again, at Great Bernard is a large cavelike aperture with 
galleries running from it. At Lydncy there is a sloping shaft which 
bears the marks of pointed picks’on its walls; the entrance to the shaft 
was blocked by a Romano-British hut dating from towards the end of 
the third century a.d.» bv which time the mine must have been aban¬ 
doned. 

When suitable iron ore could be obtained by the extremely simple 
open—cast system it was naturally adopted during Roman and later times 
as indeed it is today. In his paper on ‘Practical Geology in Ancient 
Britain' Mr. Bromchcad gives evidence in support of this practice. Even 
during the Bronze Age mining had progressed to the extent of employ¬ 
ing what is known as fire-setting to facilitate the extraction of the ore, 
and the miners* tools had also improved. Oliver Davies (1935, pp» 3 ^) 
makes the following useful comments upon ancient mining tools: I he 
Greeks and Romans normally used iron tools. As similar needs have 
evolved similar types, there is'littlc difference between the pre-Roman, 
Roman, and Mediaeval tools. For earth or soft rock a pick was used which 
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was little longer than the modern geological hammer, but at Lauriuin 
specimens up to i 5 inches in length have been found. For harder rock a 
gad was used which was driven in with a hammer. Crowbars were no 
doubt also used to lever out pieces of rock, and iron or bronze hammers 
were also very necessary. Of these, specimens have been recorded. 

Wooden picks were used in the Cornish placers as late as the early 
Middle Ages, and wooden shovels also survived to at least the same time. 
At the Mitterberg Pittioni records short-handled wooden shovels which 
were used for loading ore into wooden troughs and rubs. Long-handled 
shovels no doubt existed like those from the Hillstatt salt mines. Horn is 
too soft for rock working and was probably replaced by iron before the 
Roman period. Implements ot copper or bronze arc also unsuitable for 
work on a rock face, being more expensive than iron, and either too soft 
or too brittle. Although iron is likely to have replaced stone as a material 
tor dupping tools, stone remained long in use tor the hammer. Rilled 
hammers, or grooved stone mauls, are particularly associated with min¬ 
ing, and they have a very wide distribution, In form, these stone mauls 
arc very simple, consisting of an ovoid, or sometimes conical stone with 
a groov c <.ut around the circumference at about the middle, the purpose 
of the groove being to provide an anchorage for the hide thongs by 
which the maul was secured to its haft. The weight of the maul varies 
widelyr usually it is from 5 lb. to 8 lb., but mauls weighing up to 30 lb. 
have been recorded. Such extremely heavy hammers would no doubt 
have been bandied by two men (Coghlan, 19+5-7, p. 191). The grooved 
stone maul 1$ of considerable antiquity, appearing during the third mil¬ 
lennium B.c.. in the Near East. The type is very well represented in 
mining districts of Spain and Ireland, and may well have survived the 
Roman period in Europe. 

In many prehistoric mines the tools used by the miner were mainly 
stone mauls and deer-antler picks, Such implements would not be ctB- 
eient lor breaking up and extracting the ore. But fire-setting could have 
made die work, 11 not easy, at least quite practicable. In this operation a 
large fire was built up against the ore-face, and the heat from the fire 
and subsequent rapid cooling caused by throwing cold water upon the 
Heated surfaces, caused a certain disintegration or shattering of the rock; 
this shattering would extend r<. some depth. After the fire had burnt out 
the ore could easily be picked away from the face of the working. Fire- 
setting has been recorded from several ancient European mines, upd in 
his scientific research in the Austrian Alps (Salzburg and Tyrol regions), 
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Professor Pittloru (1948, p. 135) has shown that the development and 
extraction of the mines were carried out by fire-setting, the loosened 
material being detached by means of hammers of stone or bronze, and 
bronze gad:i. Oliver Davies points to evidence for probable fire-setting 
in the galleries in Etruria, at Aramo, as well as at the Mi tier berg, The 
technique has the disadvantage that, unless some means of ventilation 
can be arranged, the smoke from the tire will render the mine workings 
uninhabitable. 

The work of Pittioni, Zsdioeke, and Preuschen has thrown much 
light upon the mining technique of the alpine mining region. It is of 
interest to note Pittiom’s statement that the prehistoric miner did not 
know' of shaft-sin king or cross-cutting, but could only drive forward the 
open-cast at the outcrop on a slightly inclined plane. As a result of many 
years of work Zschockc and Preuschen have been able to reconstruct the 
prehistoric process of mining in the Alpine region (Pittioni, 1951, 
pp. 16-43). Fig, t, pts. 1-4 (after Pittioni, 1951, pp, 22-33} w jH niake 
the sequence of operations clear. First, with the aid of fire-setting and 
manual labour, a small inclined open-cast was made (Fig, i and a). As 
soon as the open-east began to exceed 4 man's height, the cut was tim¬ 
bered over (Fig. 1, pt. 2 }, rejected parts of the lode body and rock debris 
being piled ujpon the timber roof. Hot air from the fire escaped upwards 
by the passage F while fresh air was induced through (he gallery S. The 
resultant natural ventilation rendered the mine habitable. Sometimes 
another fire could be started as in Fig, t, pt. 3, a. 'lbe extraction of ore 
had now passed the preparatory stage and it was usually advisable to 
start a second open-cast at some distance above the first one. Fig. i ( 
pr. 3, a. Eventually these two open-easts would join up (Fig, 1, pt. 4, 
b and c). It will be observed that, while the method of excavation is 
open-cast, the mine is of the inclined gallery type with ventilating pas¬ 
sages. Pittioni mentions that when water seeped into the workings it was 
probably dealt with by building a dam at the bottom of the gallery and 
removing the water by bailing. Also, water from an upper adit could be 
drained off into a lower adit as soon as the exploitation of the lower adit 
had been completed. In recent mining these accumulations of water are 
dreaded because, should a modern working penetrate into a water-logged 
prehistoric gallery, disastrous flooding might result. At the Mitterberg 
the magnitude of the operations may be judged from the fact that the 
deepest point reached was 100 metres measured from the crest of the ridge. 
The thoroughness of the extraction is shown by the Fact that the ore had 
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been completely removed in all parts of the lode where h re-setting had 

been used* „ _ 

In general, it is doubtful if any true shaft mining for non or copper 

was practised in prehistoric times. As Pittloni has shown, the important 
Mi t ter berg mines were worked by a combination of open-cast and a it 
mining. It is dear that it would have been pointless to engage in the more 
difficult operation of deep-shaft mining so long as ample supplies, or 
suitable ore were obtainable merely by collecting, or through simple 
open-cast workings. When we come to Roman mines we find very con¬ 
siderable technical advance* The following points mentioned by Mr. 
Bromchead (1940, pp. in- 12) give some idea of this progress. In Roman 
mines the shafts were i\ to 3 feet in diameter; in these small-diameter 
shafts foot-holds were cut and ladders were not used. The miners usually 
gained access to the mine through adits* while the shafts served for vefil¬ 
iation and winding. Sometimes the adits were of great length, one has 
been recorded as 2,000 yards in length. In the relatively deep Roman 
mines of Spain and Portugal water had to be kept at bay, One method 
of accomplishing this was by hand-bailing; a chain ot water-bearers was 
engaged continuously in this laborious process. 

In some Roman nuncs in Portugal the adits were of very considerable 
size, and contained a sunken channel to carry water along one side Of the 
adit. In these mines the water was apparently raised by means ot a chain 
of buckets worked by animal power, to some cases where the formation 
of a hillside made it possible* drainage could be effected by cross-cuts at 
a deep level; at the Rio Tinto mine in Spain thirteen such drainage 
tunnels were recorded. Another method of lifting the mine water was by 
means of water wheels; in the San Domingos mine, not far from Rio 
Tinto, there was a series of mine wheels 14I feet in diameter working in 
a gallerv which was inclined at 40 degrees. Again, the Ramans used the 
Archimedean screw for lifting water. An example of an Archimedean 
screw pump was found in the Roman workings of the Ceniemllo mine in 
the Limares district. 1 These screw pumps were worked by slaves, and 
according to Rickard were clumsy and ineffective. The lilt of the pump 
was only about 5 feet, so that 20 such pumps would have been needed 
to raise the mine water through a distance of 100 feet. With these primi¬ 
tive methods* pumping had to be carried out in stages and the total lift 

attained was limited. 
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Forbes (1950, p. 55) considers that transport of the ore was arranged 
in the most simple manner. Wooden or wicker trays drawn along the 
gallery floor served for underground haulage. In later mines operated 
with shafts, manual labour, using baskets or leather sacks, would be 
employed to carry the ore to the pit-head. There docs not appear to be 
any strong evidence to prove the general use of the pulley for lifting 
baskets in Roman mines, but Oliver Davies (1935, p. 31} mentions that 
the Brad museum possesses from Ruda two hubs which are almost cer¬ 
tainly pulley axles, and another, perhaps pre-Roman, is reported from 
Sclvcna. Again, Forbes (1950, p. 56) says that in some cases, such as in 
mines at Faros, remains of hoisting machinery have been found. It is 
therefore probable that the pulley and windlass were used in some mines 
during Roman times. By then, it is clear that the technique of mining 
and the development of the mines had advanced to a considerable 
degree. Indeed, some of the large Roman mines may be said to be 
engineering works of considerable magnitude. 

In this country iron working became an important industry under the 
Romans, Soon after the conquest the Kentish Wealden deposits were 
worked on a large scale. Here, slag heaps which have been dated to the 
Roman period arc numerous and of very considerable size; the Forest of 
Dean was also a very important centre of the iron industry. The Weald of 
Kent and the Forest of Dean were, in fact, the great centres of Roman 
iron production, but iron was worked in many other parts of Roman 
Britain. Coll mg wood and Myres (1936, p. 232) mention Warwickshire, 
Northamptonshire, Rutland, Norfolk, Lancashire, Nottinghamshire, 
Cheshire, and Northumberland as other areas of production. Although 
nothing is actually known of the management and ownership of the iron 
mines of Britain, it is of interest to quote some observations made by 
Collingwood and Myres (op. cit,, pp. 233-4}. 

In the Empire at large iron was normally produced by independent labourers 
in the forests and this may have been so in manv parts of Britain; but here and 
there such facts as the great size of the Wealden slag-heaps, the advanced mining 
methods of the Forest of Dean, or the concentration of smelting works at a town 
like Ariconium, suggest a higher degree of organization, whether depending on 
private companies and capitalists or on state ownership or control. It is possible 
that the state never asserted its ownership of the lesser British iron mines, and 
fit it to develop in the hands of British owners; it may have conhseated the most 
valuable ot them, T. he rapid development of output in the late first cctuurv does 
not suggest that the industry was left entirely to the enterprise of individual 
labourers. 
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Organization in some Roman mines even went so far as the provision 
of pit-bead baths, although no doubt such facilities were only provided 
in very exceptional eases. Again, the miners sometimes had to prop the 
galleries and leave pillars to support the roof in the workings (Davies, 
J 93S* P* I2 )* in general, except in dangerous ground, the narrow gal¬ 
leries of ancient mines did not require propping, but when necessary 
timber props and shores were used; where the galleries were opened out, 
natural pillars of around 3 feet square were left uncxcavatcd so as to 
support the roof It is useful to note that, according to Oliver Davies 
(*935* PP* 18 - 19 ), in early times the Roman miner always kept to the 
ore once he had found it, but later, prospecting adits were used, and the 
Romans also drove exploratory galleries at regular intervals from a mam 
adit. Again, in pre- and post-Roman times the ore was often obtained 
by means of shafts sunk at frequent intervals; this method saved timber¬ 
ing and the shafts were abandoned when the ore in the vicinity ol the 
shaft became worked out. The Romans, so far as is known, avoided pit¬ 
ting and used orderly underground workings with frequent communica¬ 
tions between the galleries and the surface. Some Roman mines were 
worked by galleries which were driven at various levels; other Roman 
workings do not seem to have followed any orderly arrangement. 


Chapter II 


THE NATURE OF METEORITES AND THE 
WORKING OF METEORIC IRON. ARTEFACTS 
OF METEORIC [RON 

THE NATURE OF METEORITES 

B efore dealing with iron which was produced in the normal way, 
that is, by extraction of metal from the ores of iron, we must con¬ 
sider another source—natural iron. Natural iron occurs in two 
forms, telluric and meteoric. For our study of prehistoric iron the telluric 
material can have little or no importance, for the only important occur¬ 
rence of iron masses of possible telluric origin would appear to he in 
Greenland. Richardson (1954, p. 574) appears to be doubtful about the 
telluric iron of Greenland for he quotes Zimmer (G. F. Zimmer, ‘The 
Use of Meteoric Iron by Primitive Man', Jour mil Iron ami Steel Inst., 
no. 2,1916, p. 307) assaying, ‘The specimens of telluric iron in our own 
national collection (if we except the dubious finds on the West coast of 
Greenland) can be held in the hollow of one hand; there might be 
enough for a few beads, but not for larger objects.* However, there is. 
reliable evidence concerning the Greenland iron, for in 1870 Adolf 
Nordenskiold found several large masses of iron at Ovifak on Disko 
Island. Norden&kiold considered tills iron to be of meteoric origin be¬ 
cause it contained from 1-39 10 2-48 per cent, of nickel. Also, when 
polished it was supposed to exhibit a characteristic Widmanstatten struc¬ 
ture (Rickard, 1941, pp. 58 ff.). Later research by Steenstrup and others 
showed that the Ovifak iron was of terrestrial origin and further analyses 
gave a percentage of nickel ranging from 1-74 to 3*85. It has been 
established that the Eskimo used this telluric iron for making knives. 
Otic mass of native iron is in the Royal Academy at Stockholm, weighing 
no less than 19 tons. A smaller mass of 8f tons is in the Copenhagen 
museum. In a private communication dated 20 November 1953, Pro¬ 
fessor Arne Noe-Nygaard of the University Mincralogical Museum, 
Copenhagen, kindly informed me that the possibility evidently does not 
exist that the iron at Ovifak on Disko Island could be meteoric and not 
telluric, since the basalt containing the big iron lumps is for many miles 
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$]>ccklutl with tiny pieces or drops oi iron. In the Professor’s personal 
opinion the iron on Disko Island has been formed through a natural 
reduction process in which the underlying bituminous shales hive been 
active, setting free various hydrocarbons. In view of the evidence quoted 
above, we may be satisfied that the Qvifak iron is probably of telluric 
origin. 

According to Dr. Rickard telluric iron has been detected in many 
localities ha far apart as Arizona and Bohemia, but it is unlikely that such 
telluric iron was ever used by early man. Not only is it extremely rare, 
but much of it no doubt occurred in the form of small grains or pellets 
in some of the basalt formations, i n which form it would have been quire 
useless to :i prehistoric people. Indeed, Rickard mentions that the Qvifak 
native iron is unique in that it alone has been used by man for implcmcti- 
tal purposes. 

Turning to meteoric iron we have a considerably wider field to cover. 
The nature of meteorites varies within wide limits and they are classified 
in accordance with the proportion of stone and iron which they contain, 
Those who arc interested in the nature and Structure of meteorites are 
advised to consult Perry (i (>44-) who gives a very full account, hut owing 
to its technical nature much of the text is suited to the metallurgist rather 
than to the archaeologist. The following information which is of value to 
the general student is taken from Perry 's work. 

In general meteorites are classified as: 

aerolites. These arc composed of stone. 

stnEfloUTES. These are composed ot a mixture ot stone and iron. 
rites. These are composed wholly of metal. 

From our point of view sidcrircs are the most important. Again, these 
are subdivided into three groups—hex abed rites, net abed rites, and at&X- 
itus. In brief, the distinguishing features are: 

EiBXAiiEDKiTES. Comprised of a single structural component, kamacite 
(kamacite is alpha nickel-iron). Under the microscope hexahedrites 
generally show systems of parallel lines, known ai Neumann lines, but 
these lines are not invariably observed. The material has a nickel content 
of less than 6 percent., the proportion uf nickel being uniform at around 
5*5 per cent. Cobalt is apparently always present, the combined percen¬ 
tage ranging from about 6 to 6*5 per cent. 

ucTAHEDMTES. Octahedral iron k characterized by what i> known to 
the metallurgist as the Widmanstatten Structure, a network of bands 
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crossing each other in two, three, or four directions. According to Dalton 
(1950, p. 186} octahedrites are subcIftSsificcS according to the width of 
the kamacite plates of the Widmanstatten figures, thus: 

Coarsest, places of 3 ’5 mm. or wider. 

Coarse, plates of 1*5 to z mm, in width. 

Medium, plates ofo-j to t mm. in width. 

Fine, plates ot o-a to 0-4 mm. in width. 

Finest, [>!ates narrower than o-2 mm. in width. 

According to Perry (19+4* P- 5 ) *be nickel content of the coarsest and 
coarse octahedrites is roughly 6 to 8 per cent., of medium octahcdrites 
7 to 9 per cent., and of fine and finest, 8 to 13 per cent. It is impossible 
to generalize more exactly because analyses show variations From these 
averages, and many of the older analyses cannot be accepted as accurate. 

ATAXI I F =. Auxites appear to the eye to be without structure and 
under the ordinary microscope show only a fine matt texture, though 
liigh m ag nifi cation with central illumination reveals a rich rakro&tnfc- 
turc- A taxi tea may be said to fall into two sub-groups, nickel poor, and 
nickel rich. In the former the nickel content is approximately that of the 
hexahedrites; in the latter it commonly varies between about 12 and 
zo per cent., with a few showing much higher percentages. 

In dealing with tld analyses of meteorites it appears that some caution 
is necessary. We may here quote Perry's remarks on this point. 

In many old analyses the nickel content was greatly understated. 'I bus analyses 
ot 25 irons (including many medium and fine octahedrites), of which only three 
were bter than 1 880 and 1870, show very low percentages, mostly from about 
i’5 to Jg 5, but fifteen of these irons analysed later showed in only one case less 
than b per cent and mostly 7 to to per cent. Of thirty analyses of low nickel irons 
Qicxahedrites, coarse and coarsest octahedrites, anti nickel-poor atari res), made 
since Farrington s compilation (1907)* not one shows less than r per cent of 
nickel; and of fifty-eight ot the more recent analyses of all types of Irons, only 
two show slightly less than 5 per cent, of which one is clearly erroneous, We may 
therefore fairly conclude that there are very few irons, if ^iy, w j t h kss than < 
per cent of nickel. ' J 

The whole question of native iron, meteoric iron, and the mckcl-bear- 
mg iron ores is somewhat obscure and further research by geologists and 
mineralogists would be very welcome. It is fortunate for the archaeologist 
tut met coru iron is, in general, easy to recognize nn account of its nickel 
content, while the cobalt content ranges from a trace to some 3J percent. 
( ic*ar , ] 9 .i 2 »p- 84^)' Nickel is not a common element in terrestrial 
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iron ores and) tf present, it is usually m small pcfcciita^Cf For ntstantc, 
Cuban iron ores may contain from 0-55 to o*8 per cent, of nickel, and 
t'tj to 1*51 per cent, of chromium. Hence a simple analysis to prove 
the nickel content will often indicate the origin o! the iron. However, 
this cannot be taken as an invariable rule. Professor R. J. Forbes (1950, 
p. 380) says that there arc some natural nickel-iron compounds ol rare 
occurrence to he found in New Zealand, the Ural Mountains, ami the 
Piedmontese Alps, also in Oregon, British Columbia, and California. But 
in general, he thinks that iron ores and the iron produced from them will 
not contain nickel, or only to a possible masimum of 2 '$ per cent. On 
the other hand, I am indebted to Mr. P. Whitaker, Manager of Metallur¬ 
gical Research at Messrs. Stewarts & Lloyds, for drawing my attention to 
the fact that apparently meteoric iron may also be very low in nickel and 
cobalt. Herr Otto Vogel of Diisseldorf (1891, p. 47 °) has pointed out 
that meteoric iron, such as that found in Horamoncy Creek, North 
Carolina, may be quite low in nickel, cobalt, and sulphur, the analysis 
in percentage figures being; 

Iran 93*2:5. Nickel 0*036. Cobalt 0 009. Manganese, Trace. Silicon 0-501. 
Phosphorus, Trace. Sulphur 0-543. Carbon 4*76$- 

The following figures show that a wide range of analysis of the separate 
dements contained in meteoric iron has been recorded; 


Sulphur o-o8 to 5 per cent. Phosphorus o-o? ro i-J per cent. 

Nickel 0-07 to 60 ,, Cobalt None to 3 71 

Manganese, Tr. to 4 „ Silicon 0*05 to o-B „ 

With such wide variations in composition, under certain conditions 
one would expect that there would be difficulty in distinguishing the 
nature of the iron. Later, we shall see that such difficulty has in fact 


occurred, , . . , 

Observed falls of meteorites are not very frequent, and for tins reason 
it has sometimes been supposed that the quantity of meteoric iron avail¬ 
able would have been very small. Of course this is true if the comparison 
be made with the enormous quantity of iron ores in the world, but when 
we consider the length of time over which meteorites have been falling, 
the quantity cannot have been negligible. In the British Museum collec¬ 
tions alone there are probably several hundred meteorites which have 
fallen withm the last hundred'years, and these can be only a fraction of 
those which fell all over the world during the same period. Concerning 
the size of meteorites, they vary from large masses weighing many tons. 
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down to sinall pellets or even dust. Dr. Rickard (194.1, pp. 58 If,) rncn- 
tions the following large meteorites. Three meteorites examined by the 
American explorer Robert Peary at Melville Bay in 1894 were named 
by the Eskimo the Tent (of 36 j short tons in weight), the Woman (3 
tons), anti the Dog (966 pounds). The Woman meteorite had been 
much used by the Eskimo so that it originally may have been twice as 
heavy. In 1913 a fourth meteorite of some 8 tons in weight was recorded 
from about ten miles north-east of the other three on the Cape York 
promontory. Analyses gave the composition of the three meteorites as: 


Iron 91-47 per cent. Nickel 77*. Cobalt 0*5.3. Copper 0*0,6. Phosphorus 
o* 188 per cent. ' 

The Rodeo meteorite, discovered in j8 5 z on the Nazas River in 
: lento, weighed 97 lb., and was used for many vean as an anvil It 
contained 8-79 per cent, of nickel with 0 28 per cent, of cobalt.'At 
Dcscrubidora, m Mexico, a meteorite was found which weighed I 26 c lb 
and contained 805 per cent, of nickel, and at Cato nr e in Mexico there 
was atucteonte of 92 lb. In A r gen rim, the Oturapa meteorite originally 
weighed 8 tons and had a nickel content of 5-j 1 per cent. What Rickard 
states to be the largest of nil known meteorites is that of I foba in south- 
west -Africa. I he estimated original weight was approximately 88 tons. 
The nickel content is high, 16-2410 1676 percent., cobalt 076 and 
copper 0-03 per cent. In Europe and Asia the recording of meteorites 
does not seem to have been at all complete. Wainwrieht (jo,6 n 61 
remarks upon some of the more famous ones and others arc quoted by 
Rickard in hts paper on the use of meteoric iron. Others from Eurooc 
and Asia are given m Table I, which has been extracted from Zimmer’* 
very complete list of the known falls of meteorites (sec p 

Hlcrc on be little doubt that a great number of meteorite have „„„ 
been observed or found and therefore remain unrecorded.' It has been 
estimated, although any such estimate can only be very approximate 
indeed, that between too and 400 meteorite may fall cvery^r VVe 
cannot,of course,estimate what proportion of the toial number' of meteor- 
lt f wll,ch fa . U comains * ^ eful quantity of nickel-iron. The known finds 
° > TTjT ^Trw! 1U *° mC mCasarC t0 P°P u,aiio i density, and 

—w s fsi *\ *?, r Urge “ ,iw **■ 

beat fa 0* £ fa ttfc SfhS.;£ tZ VnS In *W» 1*8* 

hornlm! i-J twelve < nicro were fdund vcldim* f, ’ ■ ' *" Jri d fcH *i » ifanier. One 

C IS g,u» fr H™in .ize from 1 ten t 4 to one of 
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a simitar factor may well have influenced the utilizer tun 
of the metal. Certainly, there is an apparent scarcity of 
meteorites in the Old World. 

THE WORKING OF METEORIC tJtUN 

Before discussing such meteoric iron as is known from 
prehistoric contexts it is well to take another side of the 
question into consideration, that is, rise difficulty or other¬ 
wise of working meteoric iron. While this iron cannot be 
said t<> be an easy material to make use of, it has been 
proved that some use was made of it by prehistoric man, 
and some examples of its use by modern primitive people- 
are of value in showing how the iron was worked. With 
primitive tools it would be very difficult, if not impossible, 
to obtain or work pieces of meteoric iron of any consider¬ 
able size. In Greenland the Eskimo had iron knives, but 
the blades were not as a rule made in one continuous piece 
as in a modem knife, but consisted of a number of small 
segments of iron set in a groove formed in .1 handle of bone 
or ivory {Fig. 2, and pp, (77-9), Concerning the actual 
process of detaching small pieces of iron from the parent 
meteorite, the Eskimo hammered narrow edges or ridges 
of the mass with stone hammers until small Hakes, of about 
1 centimetre in diameter, were detached. I he time and 
labour required muse have been enormous; indeed, Rickard 
mentions that the‘Woman 1 meteorite, which had been used 
by many generations of Eskimo, had accumulated around 
it a pile of stones, some 18 to zo feet in height, which had 
been used as hammers. Analyses have proved that the North 
American Indians also used meteoric iron; tools and orna¬ 
ments were found in the Turner mounds in Ohio, Copper 
tools would br. of little: help in detaching pieces of iron from 
a large meteorite, but apparently copper was sometimes 
used for wedges in an endeavour to split off fragments from 
a large mass. Such was the ease with the previously men¬ 
tioned Desembidora meteorite where a broken copper 

Fje. i. Eskimo knife ofiamU pw«s of meteoric tmn tel in wrirut ivory, cufirtied 
bv Option (liter Sir) John Rofo R.N., on 1 1 Augu-r i_nJ» irem Rnnre Kegem'* Hay, 
North GfpenbmJ, notv us the Pitt Risen Museum. (See r:\ i7 - “9') 
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chisel was found wedged in a gap in the meteorite. Also a chisel of native 
copper was found stuck in a cavity of the Catorze meteorite. Smaller 
meteorites would no doubt have proved more suitable to the methods 
available to prehistoric or primitive man. 

As Rickard (19+1, p. 62) says: 

Some siderolires, partly stone and partly iron, such as those of L'Aiglc and 
hsthcrvilk, consist of pieces of iron enclosed within a stonv matrix, commonly 
a hyperstheneHohymt complex, from which the useful metal can he detached 
easily bv hammering. In these stone-iron masses, known as pallasites, the iron is 
embedded ike raisins in a pudding, and can be detached with comparative case. 
Occasionally the stony matrix has become so much decomposed and eroded as 
to cause projecting points ©t iron to become detachable. These rnomv masses of 
rock would attract the attention of primitive man. A loose fragment mipht yield 

a piece of nat iron already pointed and ready for use. ' ! 

Some confusion has been caused by statements to the effect that 
meteoric iron is not malleable. Such general statements are not correct 
and while meteoric iron may not be so malleable as a modern mild steel! 
there is no technical reason for doubting that it is often malleable. As 
Zimmer has pointed out, the nickel which is always present in meteoric 
iron cannot impair its malleability because nickel itself, or nickel as an 
alloy with iron, is malleable. Zimmer says: 

It is well known that the artificial alloy of iron and nickel (nickel steel) com- 

iron (fluss iron) with the advantages of hard 
steel, and is the best kind of modem iron. Wolf, who first introduced artificial 
mckcUted. brought it on the market as ‘Meteor Steel’. The addition of only 
one per cent, of nidcd renders the iron hard and tough, up to three per cent 
improves the alloy (modem armour plates contain, by the way, « per cent of 
nickel and do not crack even when deeply penetrated bv a projectile), ami with 

S-iro" L^VJof Xv.X™ ° f ‘ hC ^ gnU,Ua)f! ' of 

On the other hand, there is no doubt that some meteoric iron i E ex¬ 
ceedingly tough and difficult to cut. Some interesting research bv new 
methods upon the microhardncsjs testing of meteorites has recently been 
earned out by F. k. Dalton (1950, pp. i-t t and , 8c-o c; 1 n ; 1 P p 77- 
78) who, when cutting a specimen which had fallen riear thc^'anJon 

dght ***** hack5aw blad ^ where 
two should have sufficed. I hut agreed with Foote’s experience in 189 r 

« iui lie destroyed several chisels and a grindstone in his attempts to cut 

some of these meteorites. After Dalton’s first specimen was poshed 
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small areas with a tarnished appearance could be seen spread over the 
section. These small areas were found to be extremely hard. Upon this 
point Dalton remarks: 

The hexahedrites are quite consistent at about 180 on the Knoop scale, Kama- 
cite in the octahedritcs, having higher nickel, has hardness of approximately 
:6o while the still higher nickel-iron of taenitc borders in ocuhtdrites is much 
harder, ranging from 430 to 750. These materials may be compared with well 
known artificial steels, as follows, and it will then be seen that the natural steels 
are of very high grade indeed. 

Structural Steel 170' 

Spring Steel 190 Knoop hardness. 

Tool Steel, annealed 305^ 


Dalton also found inclusions of great hardness in meteorites. For in¬ 
stance, schreibersitc in Canyon Diablo specimens ranged from 1100 to 
1360 Knoop hardness. Harder still were carbonados, or black diamonds, 
discovered on several occasions. In view of these results, the difficulty 
experienced in cutring certain meteorites is explained, and specimens 
containing inclusions of such extreme hardness must have been valueless 
to prdiistoric or primitive man. 

If a piece of meteoric iron of suitable size and shape was not found 
ready to hand, it would be necessary to forge the iron. Here difficulty 
may well arise. As we have seen, there £s no doubt that the nickel-iron 
obtained from meteorites is of much superior quality and strength as 
compared with primitive wrought iron obtained by direct smelting. On 
the other hand, the mckd-iron would almost certainly be more difficult 
to forge. Richardson (1934, p. 574) made certain experiments in the 
forging of meteoric iron which point to the process as not being an easy 
one. The experiments were carried out on eleven small pieces from the 
San Angelo meteorite, a medium octahcdrite, of which the analysis was: 

Iron 91*96 per cent. Nickel 7 * 136 , Carbon—Manganese—Silicon o-ott. 
Phosphorus 0-099. Sulphur 0-032, Cobalt—Copper 0 04 per cent. 

Hardness, approximately 230 19 rind). 

Richardson first experimented with melting of the material, hut to us 
melting is not of interest in connexion with the early use of meteoric iron, 
for it could never have been carried out owing to the high temperatures 
required. In the forging experiment a piece weighing 66 grams was 
heated to a medium cherry red (r,2 50* F.), then reheated to light cherry 
{1,550" F.), and to salmon (udjo* F.). It was then forged on an anvil 
with a balipeue hammer. The iron was found to be ductile and yielding 
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under the hammer, but in forging it showed a tendency to open up alone 
the boundaries oFthe kamacite plates. With the temperature increased to 
a welding heat (2,200 I\), it was found that the metal would not weld 
or flow into a solid piece because of cracking along the cleavage planes. 
Concerning these experiments Richardson says that it is perhaps reason- 
ah e to conclude, if conclusions arc possible from a single experiment, 
that most of the hexahedrites and many of the medium octahcd rites were 
beyond the simple technique of primitive man. Long prior to Richard¬ 
son, experiments, Dr. Beck (189a) had experimented with a niece of 
the meteoric tall from Toluca. Mexico. Beck's first experiment was un¬ 
satisfactory for he found that, while ,he material teas ductile when cold, 
it would not adhere under welding hear and broke up under the hammer. 
In a second and later experiment Ur. Beck obtained a satisfactory result 

woldZ'h r “ a 7™ workcd . wdl *c hammer at a moderate 

welding heat and .he piece was forged into ,he form of a small rod and 

inn's iTTr ‘ r,m » « »!"«!«• red node of ordinary 

iron, a sound weld being obtained. Beck attributed the failure of his firo 

10 r e ***Xnttion by moisture along the crystalline surfaces of 
* c!c " rlc tton so that thin films of rust prevented adherence when an 
attempt was made to weld the material. Zimmer (19.6, PP . , 1 r-,,) 

qtiotea expenmems by other workers which confirm .hat a high propor? 
.ton ot me,cone iron is both malleable and may also be welded P P 

ARTEFACTS of MITBORIC IKON 

\W iu.i\ ihav examine what is known of meteoric iron artefacts in nrc- 
Unfortunately the list is a short one, and is 

ver^nrf V * ’ “ ^ WOtked ^ meteoric iron with 

Well hmdlT th U,r,nCnt k* WC Ca T K deny t!iat P rchb{oric may 

Fir!t wl K 1 g| h * Sam ^ rh ; ng ’ mdcCti wc hnve P roof that this was so. 
ir.t, we have the iron beads which WainWright (1936, P . 7) found at 

j c ^ in h %y&* llhot L lc fitf y nulcs to the south of Cairo. The bead? were 

showed !h?m I’ f owg^y contemporary at S.D. Ao-63, and analysis 
showed the mctul to contain 7-5 percent, of nickel, dearly proving their 

sixteen r n 0 a dagger, miniature head-rest, an amuleric eve, and 

*U hLTnf“ rc (Lun,S ' »*♦*. P- 2 A). We cannot «?,,-f 

. iuwi is <d meteoric origin as in analysis has nor vet been made* 

L C/Jti t*' *?t the f3Ct rhiC mentions 1 ; 

the head-rest has been badly welded, we take the view that this iron 

3 1 


NATURE OF METEORITES AND THE WORKING OK METEORIC IRON 


is of terrestrial origin and was an Import into Egypt. Certainly of 
meteoric origin is a smalt amulet which has a silver head and an iron 
blade. This amulet is from Dcir el Italian, in Egypt, and is of the XI th 
dynasty. The iron blade was analysed by Professor Deseh and found to 
contain to per cent, of nickel (Lucas 19+8, p. 271, and Deseh, REA 
1936, p. 309). Several other finds of early iron in Egypt have often been 
quoted, but as there appears to be considerable doubt about their origin 
and dating, it would be unwise to include them in our list. 

In one of the Royal Tombs of Ur in Mesopotamia, Sir Leonard 
Woolley found some fragments of iron (Peake, 193 3, p* 641, and Deseh, 

1928). These fragments contained 10*9 per cent, of nickel, and were there¬ 
fore of meteoric origin. There arc two objects from Treasure L of Troy 
II or III, but doubt w r as expressed whether these pieces were really iron, 
and analyses were therefore carried out in the Konigliche gealogischen 
Landcsanstalt und Bergakadtmic in Berlin, whose director, Professor 
Dr. Finkener. was of the opinion that the pieces were not metallic iron, 
but a mineral ore. The analyses (DSrpfcld, [902, p. 423) show a nickel 
content of 2-44 and 3-91 per cent., and do not appear suitable to derive 
from any of the ordinary iron ores. On the other hand, the analyses do 
not appear to be those of meteoric iron. Hence, it is unwise to consider 
that the Treasure L find is of meteoric origin. It is also significant that 
artefacts of relatively low nickel iron have been recorded from period III 
of AJaca Huyiik. These arc an iron pin with gold-plated lie ad, A l/a, 
MC 34, and a fragment of a crescent plaque, A1 a, MC 33. Both object* 
have been analysed with the following results (Kn$ay, >944, p. 189): 

Al/a, MC 34. Pin. Al/a. MC 33. Plaque. 


72-20 per cent. 

3*44 >• 

4*69 » 

Total 80-33 >1 

By calculation 

94-92 per cent. Fc, 

508 „ NL 


76-30 per cent. FcjOj 

3-oti „ NiO, 

0-99 „ CaO. 

2-65 „ ALO a 

Total 83-00 „ 

By calculation 

93-7 per cent. Fe. 
4*3 IT Ni. 


In view of the above figures it is possible that a low-nickel meteoric 
iron is here in question. Przeworski (1939, p. 143) says that there were 
early finds of meteoric iron from a Tholos near Pi alamos, and at Mavra 
SpeUo, but he does not comment on the nickel content. Peake {1933, 
p. 641) mentions that in 1927 a cube of iron was discovered at Knossos 
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in Crete in a Middle Minoan grave dating from about 1800 b.c. It had 
evidently been regarded as a precious object, and is likdv to be of 
meteoric iron. The same is probabl y true of the iron finger-ring, believed 
10 date from 15 50 B.c., found at Pylos in the Peloponnesus, 

In the case of artefacts of the lower nickel ranges, unless there is careful 
metallographic examination as well as the analyses, a certain confusion 
would appear possible because of the mineral pyrrhotitc (an iron mineral 
which occurs in grains or massive form impregnating mecamorphic or 
crystalline rocks). For example, concerning the important Has Shamra 
axe (sec my p. 63), the analyst Leon Brun said (Schaeffer, 1939, p. 

110); ‘The axe-body is steeled iron. The very oxidized iron in the mass 
contained no trace of manganese. Also no chromium, copper, tellurium, 
or vanadium, were found,’ At first Brun thought the iron was meteoric, 
but the analysis and the microscopic examination showed that the iron 
was probably made from pyrrhotitc, a magnetic material containing from 
2 to 5 per cent, of nickel. Examination of the impurities supported this 
opinion. On the other hand. Dr. Witter did not agree with this view'. In 
his opinion (1942^, p. 55) pyrrhotitc is a magnetic pyrites which contain 
about 60 per cent, of iron and about 40 per cent, of sulphur. Since many 
magnetic pyrites contain some nickel {from a weak percentage up to 
5-6 percent.), this mineral is used to obtain nickel. Up to the present this 
sulphur-iron ore has not been used for the production of iron, and in 
prehistoric times that would have been quite impossible. Witter thinks 
that the iron used to make the Ras Shamra axe was meteoric, and from 
an ataxite without structure, this class of meteoric iron being difficult to 
distinguish from terrestrial iron. Meteoric iron of similar chemical com¬ 
position to the Ras Shamra specimen has been found elsewhere, 

htre wc find two undoubted authorities in conflict concerning a 
fundamental matter. While wc must agree with Witter that it is highly 
unlikely that prehistoric iron smelters could have made use of the mineral 
pyrrhotitc, unless the whole matter he re-examined wc must favour the 
opinion of the scientist who carried out the research, especially since he 
was well aware of the possibility that meteoric iron might be in question. 

Lower in the nickel range, there is the Strange case of the British currency 
bar examined half a century ago by Professor Gowland (1903-5^. 194), 
Two bars, designated A and B, were examined with the following results; 


Carbon 

Silicon 


B >ir A Bar B 

trace 0-08 

O-O9 Q'QZ 
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Bttr A Bar B 

Phosphorus * 0-69 O '2 5 

Manganese . . ■ .nil ml 

Nickel. °**3 «“ 

In the report it is stated that ‘Sections of bar A presented no slag 
patches such as are universally found in wrought iron, but closely re¬ 
sembled meteoric iron.* Again, ‘Bar A has hence apparently been made 
from meteoric iron. The use of meteoric iron must, however, have been 
quite exceptional.* 

While one hesitates to doubt the statement of so eminent an authority 
as the late Professor Gowland, it is difficult to accept that bar A was in 
fact forged from a meteorite. First, ordinary bloomery iron must have 
been relatively common when these currency bars were made. Again, in 
England it may be exceptional to find a meteorite large enough to make 
a substantial bar, although the Row ton, Shropshire, meteorite weighed 
3.87 kg., but here the nickel content was normal at 8*56 per cent. 
Secondly, the nickel content of the bar at 0*23 per cent, is low for 
meteoric iron in general. On the other hand, iron with similar nickel 
content is not unknown. There is the piece of iron from the baalburg in 
Germany which contained 0*242 per cent, of nickel {Weicrshausen, 
1939, p. 227). 1 There mav well be other examples ot a like nature al¬ 
though, in general, an appreciable nickel content is decidedly rare in 

primitive iron. . 

As we have mentioned, the list of authenticated objects of meteone 

iron is all too short. Writing as long ago as 191a <p. 277 )* Pro *f w 
Gowland held the view that native iron, whether of meteoric or telluric 
origin, can have played no part in the rise and development of the Iron 
Age. In view of the rarity of arehaeologicalty attested specimens o 
meteoric iron it is difficult to know whether, or to what extent, meteoric 
iron may have influenced the discovery or development ot smelted iron, 
hut, as Wainwright (1936, p. 3) has pointed out, man must have first 

come to know of iron through meteorites. 

We must await further discoveries and analyses of very early iron 
before we can form an opinion of the degree to which such iron was used 
in the Old World. From the foregoing it will be seen that, while the 
available evidence is scanty, it is clear that a certain use was made ol 
meteoric iron during prehistoric rimes, have also amp e cw encc or 

* s« die the »pe*i from Dcvr Huyak, Syria, daring anwnd fioc-50© wlrieii ihftwtd o-jj per 
cent, of nickel. S« p. 1 $7, 
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the use of meteoric iron by modern primitive peoples in the New World. 
In prehistoric times meteoric iron may well have been the first iron 
known and used, but such knowledge and use can never have constituted 
anything remotely approaching an Iron Age in any part of the Old 
World. As we have already mentioned, there were various factors which 
must have limited the use of meteoric iron. First, there was the difficulty 
of finding the iron, and in obtaining a piece of suitable size and shape. 
Having found the iron, there was next the possible difficulty of forging 
it, but here we must remember that the meteoric iron (at least in certain 
eases), could have been shaped by means of a measure of cold-working 
and grinding. Prehistoric people had a long tradition of stone-grinding 
behind them, and they would not have been slow in applying the grind¬ 
ing technique to the new metal. Again, an even greater limitation must 
have been caused by the relative scarcity of meteorites, and by the fact 
that the major quantity most likely remained unrecognized. 

Table I 

Meteorites—Europe and Asia 

Extract freon Zimmer’s table, f, Iron and Steel Inst, xciv. n, Z (1916), 
3 2 4 - 35 * 
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Chapter III 

THE SMELTING PROCESS AND THE 
MECHANICAL PROPERTIES OF IRON 


THE SMEtTINC PROCESS 

T T E may now consider how iron is obtained from the ores which are 
W/ 50 abundantly distributed all over the world. Although iron was 
V V known and obtained in small quantity from meteorites, it was not 
until the discovery was made of how to win iron from the ores that the 
metal could he obtained cheaply and in any quantity desired; in this 
matter we must endeavour to give some idea of what the smelting process 
means, and also to avoid confusion between undent and modem methods. 
As Straker (1931, p, 16) has so dearly pointed out, there may be said to 
be two processes, direct and indirect. The direct or bloomery process 
was that used in general by prehistoric and primitive man. Here the iron 
is produced in small quantity, and by one operation a sponge iron is 
obtained, which after simple treatment may be at once forged into the 
desired tools and weapons. The indirect process, now associated with the 
blast furnace, produces cast iron and is a complex and recent develop¬ 
ment oi icon founding. Hence, in this work we are concerned almost 
entirely with the original bloomery or direct method. 

In the actual reduction, or smelting, of the iron ore, a chemical change 
is involved. For the production of iron by the direct process the oxides 
ot iron, such as haematite, Uraonitc, and magni rite, would be suitable. 
Prehistoric man would not have been able to make use of the sulphide 
om. 1 Iron pyrites is not suitable for iron smelting; only in modern prac¬ 
tice is some iron obtained from pyrites as u product in the manufacture 
of sulphuric acid. In the reduction of an oxide ore the chief consideration 
is to rob the ore of us oxygen and so to obtain metallic iron. If the fuel 
used in the reduction Furnace be charcoal, the carbon of the fuel will 
combine with the oxygen of the ore and metallic Iron is released 

. Ir h P r: ; ctkall y that the fuel used by the first iron smelters was 

ch arcoal, hence m a simple reduction furnace the carbon of the charcoal 
w ill hum to carbon monoxide, and this gas will take oxygen from the ore 
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to form carbon dioxide. However, a certain balance must be preserved* 
as Professor Read has stated (1934, p. 3 84): 

No amount of heat atone will reduce a mixture of iron oxide and iron sulphide 
to usable metal. When iron sulphide afters to oxide in nature, the reaction com¬ 
monly proceeds to the end, and a natural mixture of iron -sulphide and iron oxide 
is much less common chan a natural mixture of sulphide and oxidized ores of 
copper and lead. Furthermore, iron sulphide is so soluble in the metal and makes 
it so brittle that usable iron could not be produced in this way* even if it were 
otherwise possible. To produce usable iron the metallurgist must employ only 
iron oxide together with both heat and carbon* the latter performing an essential 
chemical function in the operation. There must be a sufficient excess of carbon 
so it will bum to carbon monoxide, not dioxide; whenever the ratio of dioxide to 
monoxide rises above a number that varies with temperature, metallic iron re- 
oxidizes. The primitive metallurgist never understood this role of carbon in iron 
production; he merely knew that if he did things in a certain way he got a certain 
result. All the early attempts to produce metal from iron oxide must have ended 
in failure until it was empirically discovered that sufficient excess of carbon must 
be present to keep the carbon dioxide concentration down to where the reduction 
of iron oxide to iron can take place. 

Within reasonable limits, a high furnace is more efficient for smelting 
than a low one; the reason being that the chimney effect of the high 
furnace gives the carbon monoxide gas a better opportunity to act upon 
the ore. Also, the success of the primitive smelting operation largely 
depends on a charcoal fuel and on the exclusion of oxygen from the ore 
while it is being smelted. T he temperature at which reduction takes place 
has an important bearing on the smelting process. In general, reduction 
may be obtained at temperatures as tow as 700 to ttoo° C.* but as 
Richardson (1934* p* 577) has pointed out, when iron oxide is reduced 
at temperatures below 900* C\, a dark grey and very porous substance 
is formed which would be impossible to forge. With temperatures in the 
range of 1,000® to \ ,050' C.* the result of the smelt will be a loosely 
coherent mass which would be exceedingly difficult* if indeed possible, 
to forge. Not until the temperature range is increased tot.t 00-1, 1 50 s C. 
does the iron begin to flow' together forming a pasty, semi-fused, and 
somewhat porous mass; this is a bloom* and it may be worked and forged 
so as to give the well-known wrought iron of early times. 

From the above considerations it follows that, if we are to obtain a 
useful bloom of iron* sufficient temperature in the furnace and a good 
reducing atmosphere with the exclusion of oxygen from the ore arc 
essentials. Again* the primitive reduction process was wasteful in material. 
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Much charcoal fuel was used, and much of the iron was lost m the slag. 
Forbes (1950, p. 393) mentions that in furnaces of the type found near 
Tarxdorf, in the Tyrol, Sebmaltal, a semi-fused bloom of about 50 lb. 
in weight demanded the consumption of some 200 ib. of charcoal, plus 
another 25 lb. of charcoal for the subsequent forging operation. Also, 
starting with a charge of about 500 lb. of ore the founder would only 
obtain something like 25 1 b. of fairly good iron. Concerning the lass of 
iron to the slag, Forbes points out that one of the main difficulties is the 
gangue ot the ore. The gangue of an iron ore is largely siliceous, and the 
silica of the gangue combines in the furnace with part of the ferrous oxide 
of the ore to form a fusible slag. In the primitive direct process the slag 
does not separate easily, and a high proportion of the iron b lost in tile 
slag. In modern practice lime is usually added to the charge as a flux. 
1 he dux renders the slag far more fusible, so that it readily separates 
from the iron. Hence, productive efficiency is greatly increased by the 
selection and use of a suitable flux. It is interesting to note that so rich in 
iron were some of the ancient slags that they have been reworked with 
profit in recent times. 

fluxes 

As I he matter is of such importance in the smelting process, wc must 
endeavour to make clear the nature and use of a flux for iron smelting, 
A furnace charge of ore and fuel will usually contain more or less extra¬ 
neous matter. To separate and get rid of this extraneous matter certain 
materials known as fluxes must be added to the furnace charge so as to 
form a slag, lo give an idea of the various fluxes which will serve the 
purpose, we cannot do better than quote the principal earthy fluxes, as 
used in modern practice, given by Professor Roberts Austen (Austen 
1923, p. 295}: 

('0 Lame, which acts as a powerful base for removing silica. I.,ime is used iti a 
pure state or as carbonate, limestone is hrgely'usod in iron smelting as 
most iron ores contain an excess of silica. Dolomite, the carbonate of lime 
and magnesia, is specially useful. 

W PJuorspsm (calcium fluoride), which is a useful flux for ores containing 
silica, barytes, or gypsum. \\ ith the two latter it easily fuses. It is also used 
m the open-hearth furnace to increase the fluidity of the slags and for the 
removal of sulphur, 

(0 ftarytes, which acts as a powerful base and ir is a good sulphurising agent. 
In the concentration of mckel spcise, the copper present with the speise is 
removed and a tegulus formed- 
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00 Alumina-bearing rocks, such as day-slate, are used in smelting ores which 
are very rich in I une, but as a rule the charge is so mixed that argillaceous 
and calcareous ores are present in suitable proportions. 

(e) Siliceous materials, such as quart?, natural silicates, siliceous slags, arc 
used when the ores contain an excess of basic materials that have to be 
removed, 

if) Oxides and carbonates of iron, basic iron slags, &c., are used in the 
smelting of siliceous ores, especially of lead and copper. 

From the above it will be seen that, in modem practice, the dux may 
be adjusted to the nature of the charge with considerable accuracy. For 
primitive working, some archaeologists quote the use of lime as a flux, 
and indeed one would consider lime as the dux most probably used at 
an early stage in the evolution of smelting. May (1904, p. 13), however, 
did not consider that it was in use at Warrington even during Roman 
times. In his view, 

the result of many analyses of iron and slag from the small reverberatory fur¬ 
naces, sow kilns and bloom cries of rhe Roman period proves that lime was not 
used as a dux to extract pure iron from the ore as in modem practice. The 
Roman blacksmith (Faber Ferrius) chose the easier method of conveying the 
red-hot spongy mass to the anvil with a tong pair of tongs and expelling the last 
dregs of impurity by repeated blows of a heavy hammer. The sparks which fiv 
in all directions from the anvil when a blacksmith is at work consist of impure 
iron and slag, and when the sparks cease to fly the workman knows that his iron 
has ‘come to nature’ and can be convened into steel by cementation and temper¬ 
ing. 

SLAGS 

The refuse from the smelting process arc known as slags, or, expressed 
in more technical language (Austen, 1923, p. 296), 'the silicates formed 
in metallurgical processes by the combination of silica with the earths and 
metallic oxides are termed slags’. 

According to Roberts Austen, the bases (mostly combined with silica) 
which arc formed in silicate slags are lime, alumina, magnesia, rarely 
ferric and manganic oxides, ferrous oxide, &c. Further, there arc certain 
oxides 3 nd earths, such as those of zinc oxide and alumina which inter¬ 
fere with the fluidity of the slag and would therefore hinder the primitive 
smdtcr. Perhaps a dearer definition of a slag is that given by Alexander 
and Street [1946, p. 1 87); *g!ass-likc compounds of comparativdy low 
melting point, formed during smelting when earthy matter contained in 
an ore is acted on by a flux. If the earthy matter were not deliberately so 
converted into slag it would dog the furnace with umndted tumps. The 
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: Liability and comparatively low density of the slag provides a means by 
which it may be separated from the liquid metal.' 

With our modem methods of iron production, slags with varying 
physical and chemical properties are produced as furnace refuse, some of 
is liich is used commercially. In preliistoric times no use was made of the 
slag. In the Weald of Kent, however, the Romans did make use of slag 
for road foundations. Modern uses are for railway ballast, tar macadam, 
cement, fertilizers, and slag wool for heat insulation. As the refuse or slag 
trom an iron-smelting furnace is practically indestructible, rhe examina¬ 
tion of such slag is useful in various ways. First, it often leads to the 
discovery of the smelting site which would otherwise possibly never be 
found. Secondly, the slag gives us a good indication of the ore used and 
of the smelting process in force. Further, analysis and examination of the 
s:.ig will, in many cases, allow the approxttnate period of the smelting 
operations to be determined. Certainly prehistoric or Roman slag may 
be differentiated from the modem slags. It is, however, dangerous to 
attempt a chronological dating of slags by inspection of their external 
quality. The quality and appearance of a slag depend upon various 
factors of the furnace technique. Many furnaces of the Middle Ages 
have produced slag similar to that produced by preliistoric furnaces. 

Strakcr has shown the value of such study by means of analysis and 
micro-sections of the Wealdcn iron slags. The following table {Strakcr, 
* 93 1 * P- 94 ) Is of particular interest in showing the composition of i 
bloomcry slag or cinder from the ‘ox-bone. North Wood, GticsUmg, 
and of the extreme variations of analyses from other localities. 
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he limits given by Strakcr can be exceeded, as witness the analysis of 
a prehistoric or Roman slag from the excavations at fllcwburton Rdl 
Berkshire, in May 1950. 7 ‘hc analysis was made for the Royal Anthro^ 
polled Institute Ancient Mining and Metallurgy Committee, by 
Messrs. Alfred Herbert, Coventry, 1 
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Silica (SiOj). 10-15 P cr <**«■ Phosphorus Pentoxide (PjOj). 0*96 per cent. 
Sulphuric Anhydride (SO,)* 0*08 per cent. Lime (Cab). 5-70 per cent. 
Magnesia (MgO). 0-40 per cent. Alumina (AL,O a ). i*to per cent. 

Manganous oxide (MnO). Traces. Titanium Dioxide (TiOj) Traces. 

Copper, nickel, zinc, cobalt. Not detected. 

Ferrous iron (calculated to FeOL 61*54 per cent. 

Ferric iton (calculated to FejOj). 19-69 per cent. 

Total iron (calculated to Fe). 61*79 p cr cent. 

The sample is slightly magnetic. 

During the course of excavating Roman iron furnaces and forges at 
Wildcrspool and Stockton Heath, near Warrington, T. May devoted 
considerable attention to the iron slags (1904, pp. 20 ff.). Three of these 
analyses are given below: 


Sfagjbm bon Furnace /. Wilder spool 


Silica .... 
Alumina .... 
Manganic oxide . 

Ferrous oxide 

Feme oxide . . 

Phosphoric acid . 

Iron pyrites 

Carbonaceous matter and moisture 


$ 9 *S 

<J' 4 t 


0-20 
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3'$4 
0-48 
1-46 
3' 1 ^ 
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Slag from Hearth II. Wilder spool 


Ferrous oxide 
Ferric oxide 


51-80 

*'73 


Alumina , 

Lime 

Magnesia . 

Silica * . , 

Phosphoric acid . 
Sulphuric add 
Organic matter and water 
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Ferrous oxide 
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Alumina 



. t '7 

Magnesia . 



* 0*55 

Phosphoric add . 



. 0*724 

Sulphuric acid 



. 1*650 

Alkalis, &c. 



. 2*876 


Mr. Ruddock (Public Analyst* Warrington), inferred that such a slag 
as this would be obtained by reducing an ore containing appreciable 
quantities of phosphorus and sulphur. May also remarked: 

(t) The composition of the slags varied from about 80 per cent, of silicate of 
alumina and other impurities and so per cent, of oxides ot iron to about 75 per 
cent, of the latter and 25 of impurities. 

(2) The small proportion of lime present in the slags shows that it was merely 
an accidental impurity, and was not added intentionally as a flux, 

(3) The quantity of alumina in the slag and a large number of specimens 
prove that clay-band ores were principally used. 

(4) Pure silica in the form of pounded white quartz pebbles appears to have 
been added as a flux (for the haematite ores), the black glassy specimens of slag 
when pounded being found under the microscope to contain a large proportion 
of these white particles, with occasional lumps half an inch in diameter, 

These few analyses of various slags are instructive in showing the 
wasteful results of early iron working processes* and in some cases the 
exceedingly high loss, of iron to the slag. The Warrington analyses are 
also interesting as an indication of the widely varying properties which 
may he found in slags even when found at the same site. May’s view that 
the lime present in the Warrington slags was an accidental imparity 
should be considered in the light of the low figures (2 to 8 per cent.), 
quoted by Straker. Lime is usually accepted as an intentional flux in the 
earlier processes, bur this is a matter which could be investigated further 
with advantage. The wasteful results of the early processes, involving 
heavy loss of iron to the slag, were again noted by May at the Golf Links 
site at Tiddmgton, Stratford-upon-Avon (Fiddhousc, May, Wcllstood, 
1931, pp, u-12). Here 53 per cent, of iron oxide remained in one 
sample of furnace slag while a piece of fettle, or fused lining from a 
smdting furnace, showed 44-4 per cent, of contained iron. Further results 
may be found in an interesting table of analyses of prehistoric iron slags 
given by J. W. Gilles (1936, p. 258), in his work on the prehistoric irrTn 
smelting in Sicgcrland* Germany. Some figures for Etruscan iron slag 
wilt be found in Witter (1942(7). 
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THE DISCOVERY OF IRON 

Ah wc shall sec later on, the discovery of how to obtain iron by means 
of smelting the ores was made at a very early date. It has not yet been 
established how, where, and when this discovery was made. It is not an 
entirely simple matter to explain how the discovery of smelling may have 
been made, and the complete answer to the problem of the discovery is 
highly unlikely to become known. An old theory to account for the 
accidental discovery of smelting is that of the camp-fire, but this is clearly 
an over-simplification. It has often been asserted that iron is not a difficult 
metal to smelt, and that if a suitable piece of iron ore, such as haematite, 
was accidentally placed in a large and hot camp-fire, reduction would 
take place, so leading to the discovery of iron smelting. From technical 
considerations it seemed to the author unlikely that the camp-fire was 
the birth-place of iron smelting, and to test the matter a number of 
experiments were carried out (Cogblan, 1941, pp. 76-77). A number 
of charcoal fires were made to simulate camp-fires and various pieces of 
iron ore, haematite, limonitc, &c„ were embedded in the heart of the 
fire so as to give the experiments every chance of success. However, no 
matter how* large and hot the fire was made, it was found impossible to 
obtain a true reduction of the ore. In most of the experiments it was 
found that the ore had merely been roasted j once or twice, when an 
almost complete smother-furnace had been made, it was found that 
the ore had been converted into a cinder-like form which powdered to 
dust when lightly hammered. Nothing in any way resembling a sponge 
iron was obtained, nor indeed anything which could have been recog¬ 
nized by prehistoric man as appertaining in any way to iron or other 
metal. 

Again, the difficulty of accidental smelting in an open fire has been 
pointed out by Dr. Rickard (1939, p. 86), who said, ‘The iron ochres, 
which are the minerals limonitc, goetiutc, and haematite, could be a 
source of metal if smelted in a hot charcoal fire within a closed vessel, but, 
as has been suggested previously, the accidental product from such a 
reduction in the open air would be so strange as to be unrecognizable as 
metal to the carlv metallurgist, and so imperfect as to be of no use to the 
primitive artificer.* Quite apart front tire question of the discovery, 
accidental or otherwise, iron is nor an easy metal to smelt without an 
adequate knowledge of how to do it. In this connexion Richardson's 
opinion as a technician must carry weight (1934, p- 575). He said that 
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it is not so simple as many modern writers seem to believe, to reduce iron 
in a shallow hole cither with or without an artificial blast- A series of ten 
unsuccessful attempts had convinced Richardson of this fact. In only 
two of the ten experiments was there evidence of reduction and the pro¬ 
cess appeared incomplete in the one, while the other was over-ear burked. 
Lack of success does not mean that it cannot be done. But would that 
conviction be equally strong where there had been no prior experience? 
To summarize, wc may say that there are three important factors in the 
production of a useful metal by the direct process: 

(i) The ore to be smelted must be sufficiently protected by the fuel-bed 
against rapid oxidization which would be caused by contact with an ex¬ 
cess of air. 

(ii) Some form of smelting furnace is required, The furnace may be with, or 
without, forced or induced draught. 

(hi) The furnace temperature must be high enough to enable the metal to 
reach a semi-fused or plastic condition so that a workable bloom be ob¬ 
tained. 

It appears possible that certain pottery furnaces may have played a 
part in the discovery of smelted iron. First, it is clear that at a period well 
before the knowledge of how to smelt iron was discovered, there were 
developed pottery furnaces which could have attained the temperature 
necessary in order to reduce an iron ore. For example, some of the Tell 
Halaf pottery was fired at high temperature, from [,ooo s to 1,200° C. 
( Speke r, 1927-8, p. 50). Concerning actual furnaces, large and elabo¬ 
rate pottery kilns have been discovered at Uruk, and at Susa in the 
second period, Again, in the levels of developed Tell Halaf and Samarra 
pottery at Arpachiyah, pottery kilns with domed roof and central pillar 
were discovered by Mai Iowan (^ 935 * FI. XXXL/Jf, In such furnaces we 
know that the desired temperature could have been reached, and that 
the atmospheric conditions in the furnace could have been made reducing 
or oxidizing at will. Red ochre, or red oxide of iron, is a conspicuous and 
exceedingly widely distributed mineral, and we know that it was used bv 
prehistoric man from Upper Palaeolithic times onwards; wc also know 
that the red oxide was very widely used for the decoration of pottery 
from early times in western Asia. 1 he point is worth consideration that, 
should some red ochre have been in one of these high-temperature kilns’ 
and the atmospheric conditions in the kiln were favourable (that is* 
favourable to the reduction of the red ochre, but probably not the condi¬ 
tions desired for the production of fine high-baked pottery), a reduction 
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of the ochre to metallic Iron may have taken place. An interesting associa¬ 
tion of the pottery type of kiln with iron smelting in very much later 
times is worthy of mention. Miners quarrying iron ore for the Froding- 
hatn Company in Lincolnshire close to the hamlet of Wnolsthorpe, in the 
parish of Colsterworth, found a remarkably perfect furnace or bloomcry 
of the Homan period (Hannah, 1932, pp. 262-8}, The natural soil 
(Upper Lias) is the ironstone winch was being quarried. The furnace 
has marked affinities with a Roman pottery kiln, but it is to be noted 
that tuyire holes were provided, apparently for the purpose of blast. 
When found, the furnace was nearly empty. At the south-eastern end 
w ere abundant pieces of charcoal, much wood-aih, and partly reduced 
fragments of ironstone with apparent slag runnings on their surfaces. The 
ironstone was of excellent quality. One small piece of almost pure iron 
came to light, and more iron was found near to the furnace. An examina¬ 
tion by A, E, Musgrave of a specimen of iron found embedded in the 
accumulation of wood ash and charcoal near the withdrawal end of the 
furnace showed that the specimen exhibited slag inclusions, and examina¬ 
tion under the microscope gave support to the view that the iron was 
produced through the direct reduction process. A half-size model of the 
furnace is preserved in the Grantham museum. Tills discovery lends sup¬ 
port to the theory that iron smelting may have an association with the 
pottery kiln. 

On the other hand, it is perhaps rather labouring the question to asso¬ 
ciate the pottery kiln too closely with the question at the discovery ot 
iron smelting. The following points are relevant to the problem: 

(i) That the discovery of iron smelting was preceded by a long tradition of 
copper smelting, and that by the time iron was discovered, prehistoric 
metallurgists had become highly skilled in, and had a very adequate 
knowledge of, copper smelting. 

(ii) That the knowledge of how ttf construct and operate large, high tempera¬ 
ture furnaces had long been in existence. 

(iii) That it is not altogether unusual to find a deposit of rich iron oxide in 
the weathered outcrop of a copper lode (Rickard, 1932, ii, p. 837). 

As an experienced engineer in the metal industry, Dr. Witter'* opinion 
upon technical problems must he given due consideration (1942^, pp. 
69-73). He considered that there is no doubt that the first intentional 
production of iron from ores was extremely difficult and laborious. Such 
a difficult operation as the first development of the iron technique could 
only have been undertaken by people who were familiar with the produc- 
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tion and working of copper and bronze. Where iron first appeared, there 
must without doubt have existed a well-developed metallurgy. At a verv 
early period it may have occurred that, here and there, copper smelters 
accidentally won iron in small quantity but did not know how to make 
use of the soft iron. Perhaps the copper-smelters accidentally, or for 
curiosity, collected haematite (which may outcrop in a copper-mining 
region), and which somewhat resembles in colour and weight the copper 
ore cuprite, and smelted the haematite. 'Hiis would give them, instead of 
the soft red copper, a poor-looking black product that the copper-smiths 
would have tested to see if it was of any use. However, the iron with its 
slag and charcoal inclusions could only be forged and consolidated with 
great difficulty so as to yield a very little workable iron which could not 
be cast or hardened. It was therefore regarded as a costly metal without 
practical application in everyday life. Again, Witter says that copper 
pyrites is often associated with spathic iron ore. Here, there is a possibility 
of accidental iron production as a Bar or tfen-tau. Such production 
would belong to a later period for it depends upon a preliminary roasting 
process, and a liigh-temperature shaft furnace as well. 

Taking the evidence at present available, the author inclines to the view 
that the discovery of iron smelting was most likely due to the accidental 
smelting of some iron ore, such as a haematite, found in the weathered 
outcrop of a lode which was being worked for copper. Should this have 
happened a number of times, there is no doubt that competent smelters 
would realize that they had found a new kind of ore which gave a 
very different metal from the copper to which they were accustomed. 
The question of why the iron industry took so long to develop after 
the initial discovery is an interesting matter which will be mentioned 
later. 

ORES OF SUITABLE NATURE 

Before leaving the subject of smelting a few words may be said con¬ 
cerning which ores are suited to working by the primitive process, for 
although iron ore is to be found in almost every country, for the dis- 
eovery of iron and the development of an iron industry it follows that 
the ore must be of a nature well adapted to a rudimentary technique. In 
oilier words, it is more the kind of ore than the quantity or quality 
which b the important factor. In certain regions an obvious lack of 
technical ability renders it unlikely that such places would have been 
responsible for the discovery and growth of an iron industry. Again, 
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given suitable iron ore, one would expect the discovery of iron to have 
been made in a locality where a sophisticated copper culture was already 
in being. Small and scattered objects such as rings, beads, £cc., cannot be 
considered as evidence for a true iron industry or, to use a modem term, 
true production. The first indication of a real industry would be the 
appearance of iron tools, weapons, and implements in some quantity. 

Iron ores vary considerably in their richness and suitability* For ex¬ 
ample, magnetite when pure has an iron content of around 72 per cent*, 
haematite an iron content of some 70 per cent., and spathic ore (siderite), 
a content of 48 per cent. Many ironstones are very much lower in iron 
than these; for instance, the Frodingham stone of north Lincolnshire is 
decidedly low in grade, the iron content when pure being only 22-7 per 
cent. This ore has, however, the important advantage of being self- 
fluxing owing to the large proportion of lime present in the earthy matrix 
of the ore. The Sussex ore may be cited as an ironstone which occurs in 
nodules and thin seams in a day formation. Here again the matrix con¬ 
tains the lime which is needed as a dux. In his paper which we have 
already quoted Richardson makes some interesting observations regard¬ 
ing the suitability of various ores for primitive smelting. Of the spathic 
ores his opinion is that, once it lmd been discovered that spathic ores were 
reducible, it would follow 1 that the process would be applied to the more 
difficult haematites and li matures which are so widely distributed, but the 
resulting iron would lack the consistent quality of that made from spathic 
ore. Again, an important point in favour of the spathic ores is that rhe 
acids and bases are more nearly balanced in the spathic* than in other 
ores, and this is of considerable help in smelting under die direct reduc¬ 
tion process. We must notice, however, that the spathic* require a roasting 
operation prior to the actual smelting. Some writers have considered that 
early iron workers may have smelted ferruginous river sands, but such a 
source appears an unlikely one for early primitive workers. Richardson 
(1934, p. 566) has carried out experiments in this matter, the result of 
which arc best given in his ow n words: 

A scries of preliminary experiments made by the author with black river 
sands, collected from various ftrroyas in southern Arizona, show that repeated 
washings arc necessary to remove objectionable amounts of silica and yringue. 
This carefully done, a line crystalline fire may be obtained with free iron running 
Iwtwecn sixty and eighty per cent. The ore particles after washing are so fine, 
however, that smelting in an open-fired furnace could never be carried out, no 
matter how carefully the drafts were controlled; hence the deduction that if the 
Chalybes smelted river sand, as Aristotle asserts, the* must have evolved some 
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form of crucible process. But smelting carefully done in sealed crucibles with the 
addition of coal, or other carbonaceous material, would yield steel of varying 
hardness at will of the operator. It is suggested that possibly herein lies a solution 
of the traditional mystery of the excellence of Chalybean iron. 

Przeworski {1939, p, 155) consider* that in the prehistoric and early 
historic iron industry of Anatolia the only ores which would have been 
used were limonite and haematite, which were to be found in the upper 
surface. Magnetic iron ore he does not consider to be a suitable material 
for the early processes. Before 2000 b.c. there would not have been any 
intentional working of the haematite and limonite deposits and the 
isolated finds of iron objects point to an occasional gathering of ore. In 
Prstcworski’s view the preparation of the ore was as follows. In the primi¬ 
tive process the ore is first aired and the soluble compounds washed 
away, then follows roasting and crushing of the ore. Roast ing (carried 
out in piles of burning wood), for its purpose the removal of sulphur. 
Through archaeological finds wc know that it was employed! at Svanien, 
High Caucasus, around 1 000-1 100 n.c. Alluvial ore, that is, ore collected 
through natural causes in river beds, &c., needs only a simple washing 
process prior to smelting. However, Przeworski thinks that roasting and 
washing were commonly carried out in the Anatolian metal industry 
at least by the middle of the second millennium b.c. although direct 
archaeological evidence is lacking. As we have just mentioned, Przeworsfci 
postulates a roasting process as early as iooo-iioo ilc. in the High 
Caucasus, while Forbes ( (950, p. 384) considers that washing and 
roasting of certain iron ores was an ancient practice in the Near East. 
However, he does not suggest any lower dating for the technique. 

When we advance to Roman limes there is no doubt that rhe practice 
of ore-roasting had become quite common. At Warrington (Wilders pool 
and Stockton Heath), Mr. May discovered smelting, roasting, and refin¬ 
ing furnaces (1904, p. 23), At Stockton Heath day band or impure ore 
was used as well as haematite. According to May the Romans as skilled 
metallurgists were most likely aware of the advantage of mixing these 
ores in order to obtain a more fusible charge and a better yield of iron, 
one ore supplying what the other lacked in theformof a flux to run off the 
combined silica and to set free the iron. Strangely enough the Roman 
founder* at Warrington do not seem to have been acquainted with the 
use of lime as a flux. 

Where it was available bog-iron ore was suitable for smelting with the 
direct reduction process. Weicrshauscn (1939, p. 92) points out that. 

So 
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because of its porous structure, permitting easy access by the reducing 
gases of the furnace, this ore was easy to reduce and therefore wdl suited 
to the technique of the prehistoric smelter. Clark (1952, p. 202) con¬ 
siders that iron ore was widespread in the northern territories of the 
temperate zone where climatic conditions, particularly during the Sub- 
Atlantic phase, favoured the formation of bog ore. He makes the interest¬ 
ing obscrvation that 

Since the working of bog-iron survived down to modern times as a peasant 
industry in the northern countries, it has attracted a good deal of attention from 
Scandinavian researchers, and in Denmark at least has been shown to date back 
to the beginning of the local Iron Age. It is virtually certain that bog-ore simi¬ 
larly provided the main, if not the only, source of iron during early times in 
northern Britain. 

We arc unlikely to be able to determine which of the iron ores was 
first smelted by prehistoric man. It is of interest to note that Forbes 
(1950, p, 403), following 0Hiring, allows the possibility that magnetite 
was the first ore to be worked. Not, however, as a bloomery process, but 
as a crucible process and a by-product of the refining of gold. 

The Nik sand, and especially the gold gravels of Nubia, contains grains of 
magnetite of high specific gravity and an iron content of over 65 per cent, About 
hall the residue of gold washing is magnetite, the grains gathering with the gold 
dust and nuggets in the residue of ihe pin. Now the gold was smelted in Egypt 
in crucibtes in a reducing atmosphere using chad ol clover and *traw, as the 
tests tell us. After the smelting a slag rich in iron would collect on the top of the 
mass in the crucible, a layer ot pasty iron would toon the middle course directly 
over the liquid gold. If this pasty iron was extracted, it would be immediately 
ready for forging. U is clear that the quantities of iron produced in this way were 
small only. This method of iron manufacture a by-product of gold would not 
only account for the peculiar association of small pieces of bon with gold in early 
jewelry, but it would also explain the pygmy character of the early iron objects, 
such as the small models (?) of tools, amulets, etc,, found in the grave of Tut- 
ankh-amert. 

While this is an interesting theory it would need verification through 
experiment (simulating ancient conditions) before it could be generally 
accepted. Again* in Forbes's view: 

As early as the first half of the 3rd millennium B.e., pieces of man-made iron 
appear in Mesopotamia (Tell Asmar, Tell Chagar Bazar, Mari), and Asia Minor 
(Alaca HdyOk). and possibly Egypt too. It is still uncertain what ores were 
worked first. Such brilliant 'metallic* ores like magnetite, haematite, iron pyrites 
and some striking forms of limonite may have attracted the attention of primitive 
smelters first, The: use of haematite for sc d-stones was widespread in Sumerian 
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rimes and fragments of specular ore, a hard metallic variety of haematite, were 
found on the smelting site near the liggurat of Ur {Axtiquarm JavrmL v, 
*9 2 5t P* 39 0- the other hand the ochres were used as pigments in pre¬ 
historic times, they are found in a soft form, rich in iron, and well adapted for 
rudimentary smelting operations. 

From a consideration of these various views, and remembering that the 
problem may well have been a local one and not susceptible to any one 
solution, it appears likely that the first iron to be smelted came from an 
oxide {possibly of the ochre form). As experience was gained, carbonate 
ore would have been utilized, and finally sulphide ore in the form of iron 
pyrites will have been tested. It is almost certain that prehistoric miners 
would have noticed iron pyrites since it is very similar to copper 
pyrites both in colour and form, but it seems impossible that they ever 
successfully used an ore so difficult to smelt, and from which to obtain a 
sound iron. Somewhat similar difficulties were encountered, and finally 
overcome, in the case of the sulphide ores of copper, but for iron pyrites 
1 do not know of evidence to suggest its use in early times. 

MECHANICAL PROPERTIES 

Although in antiquity the ferrous metal vvith which we deal was usually 
that known as wrought iron, to a limited extent we must take cast iron 
and steel into account. While remembering that steel is a modified iron, 
it is very necessary to avoid any confusion between the three metals, and 
to this end we cannot do better than to quote the definitions given bv 
Strakcr (1931, p. i) T though his figures require some adjustment to con¬ 
form with modem practice. Professor T’orbes (1954, p. 595) quotes 1- 
to 5 per cent, of carbon for cast iron, and for steel a variation of between 
0-15 and t-5 per cent, of carbon. 

brought Iron. Slag-bearing or weld -metal series. ContaliiW TR+u 




From the above definition it will be noted that the very great difference 
ihc physical properties at the three metals is in the major part due to 
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modern technique which was certainly unknown in antiquity. Early 
wrought iron was a direct product of the primitive smelting furnace,, 
and was a metal which had never been melted; today, practically all 
wrought iron is made from cast, or pig-iron, which has been poured in a 
liquid state from a high-tcmpcrature blast furnace of anything up to 
ioo, or even more, feet in height. This pig-iron is converted into 
wto ught iron by what is known as a ‘puddling’ process in which i he pig- 
iron is again melted under certain special conditions in a coal-fired 
reverberatory furnace. From the reverberatory furnace the iron is re¬ 
moved in the form of a pasty mass containing much slag. It is then well 
hammered and again heated to a welding temperature and rolled into 
the required bars or sections. 

Most of our modern steel is now made by >o treating blast furnace pig- 
iron as to remove impurities. Two highly important processes arc the 
Bessemer and the Siemens Martin open-hearth method. A good and brief 
description of the two processes has been given by Alexander and Srrcer 
(1946, pp, 96-102). Here, we can only say that, in essence, the Bessemer 
process functions through burning away the impurities in the pig-iron by 
means of a special furnace known as a 'Bessemer converter', which blows 
air through the molten iron through blow-holes, or tuyeres, furnished in 
the base of the converter. The open-hearth furnace is so called because 
(he molten metal lies in a comparatively shallow pool on the furnace 
bottom or hearth. The steel is made by treating molten pig-iron and 
scrap steel with various additions. Also, a system of heat regeneration is 
used for the furnace which enables a sufficiently high temperature to be 
attained to treat a large quantity of metal, Mid to cast it into ingots when 
the metal has been made. 

Concerning cast iron, when a modern blast furnace is charged with the 
correct mixture of ore, coke, and limestone (to act as a flux), and blown 
with a powerful air-blast, the product is of course cast, or pig-iron. 
Before it is ready to be used for making machinery, ire,, the pig-iron 
from the blast furnace is subjected to further refining processes: accord¬ 
ing to the pig-iron selected various sorts of cast iron arc obtained. In 
general, they may he classed into two main groups—the white and grey 
cast irons. These irons arc defined by Alexander and Street as follows: 

Both contain 2-5 to 4-0 per cent, of carbon, but the difference lies in the condi¬ 
tion in which the major portion of the Carlton exists in the structure of the metal. 
In the white cast iron all the carbon is present as cemeftfite, and the fracture of 
such an iron is white. In grey cast iron most of the carbon is present as flakes of 
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graphite, and there is usually a remainder which is in the form of pcarltte; the 
fracture of this type is grey. 

The archaeologist need only remember that white cast iron is intensely 
hard and very brittle. In modern practice malleable castings arc made 
from white cast iron by means of a special annealing process, but in early 
times such treatment was, of course, quite unknown. On the other hand, 
the grey iron is not nearly so hard and Is also much less brittle. 

The ultimate tensile strength of east iron varies greatly. For instance, 
die following figures for the ultimate tensile strength in pounds per 
square inch are given by Roberts Austen (1923, p. 26). 

Cast iron. Weak 13,400. Average 16,500. Strong 27,300. 

Under compressive stress the cast irons arc very much stronger, but, on 
the other hand, they are very brittle when compared with wrought iron 
and steel. For wrought iron and steel we find very different conditions 
and for comparative purposes it is of interest to take the same scries of 
figures for tensile strength quoted by Roberts Austen. These are: 

Iron, wrought plates . ■ . 49,000 lb. per square inch. 
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Recently, enormous strides have been made in the development of 
high-quality alloy steels, so that we now have steels which possess tensile 
strengths of anything up to i oo tons per square inch. As not many 
investigations have been made upon the strength and properties of pre¬ 
historic iron, it is of interest to give the table by Gilks (1936) on p, 54, 
affording a comparison between a piece of prehistoric iron from the 
Siegerland, Germany, and two modern mild steels. 


HARDENING, TEMPERING, AND CONVERSION TO STEEL 

Before discussing the various methods of hardening iron we may here 
state the usually accepted meaning of the terms hardening, annealing, 
and tempering, as applied to sted. To anneal a steel of normal quality the 
metal is heated to a fairly high temperature, perhaps as high as a red heat, 
and then allowed to coo! slowly. Unlike copper, steel cannot be annealed 
by heating and quenching; it is essential that the cooling be carried out 
slowly. Hardening, on tile other hand, is the result of sudden cooling or 
quenching the highly heated steel. This treat me nr of high-carbon sted 
will render the material practically glass-hard and exceedingly brittle. 
The tempering of hardened steel is necessary to alter the structure of the 
metal so that it may be reduced in hardness while still retaining adequate 
strength and appropriate hardness for implements] use; to this end, the 
hard steel is again heated, but to a much lower temperature than was 
used in the hardening operation, alter which it is allowed to cool. In this 
case, quenching in water or oil is usually resorted to. 

Prehistoric iron was always made by die simple direct reduction pro¬ 
cess, and the product of the smelting furnace, that is 10 say a vponge iron, 
would have contained but little carbon, less than 0-2 per cent. It is well 
known that such iron cannot be hardened by heating and quenching in 
the manner that steel may be hardened. The carbon content of a modem 
steel which may be hardened usually ranges from 0*^5 to 1*50 per cent., 
and it is this extra carbon content which imparts the property of harden¬ 
ing 10 the metal when it is heated and quenched; the extra carbon content 
is also one essential difference between prehistoric wrought iron and 
modem steel. Naturally one of the most important properties required 
in a tool or weapon is hardness, and although a certain measure of surface 
hardness may be imparted by hammering (that is, hv work hardening), 
iron would only have become a really useiul material from which to 
manufacture implements after the smith had discovered carburizing. 
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Adding a little extra carbon, or carburizing, may be achieved by higb- 
t cm pent Eure heating of the iron in contact with carbon as in the cementa¬ 
tion process* The method used was to pack the iron in charcoal and to 
heat strongly lor several days. This is a considered method, and while it 
is unquestionably an ancient one, from our point of view ir may be a 
relatively late discovery. A similar result may be brought about (although 
naturally with much less exact control of the operation) by frequent 
heating and reheating of the iron in a charcoal bre, This must have been 
the method most anciently used, probably as an outcome of the hammer¬ 
ing and reheating necessary to free the lumps of iron, as at first produced, 
from adherent slag and other impurities, also, to consolidate the metal 
which, as it came from the smelting furnace, would have been porous and 
full of blow-holes. 

Even in pre-Roman times we have evidence to show that iron was 
subjected to some process whereby it was hardened. Two points are quite 
dear: 

{i) Soft wrought iron as produced in a primitive bloomery furnace is 
too low in carbon to be hardened to any marked degree, 

(ii) Srccl, owing to its greater carbon content, may be hardened by 
healing to redness and suddenly cooling, as, for example, by 
quenching in water. As Rollason'( 1939, p. 94) points out: ‘The 
essential difference between ordinary steel and pure iron is the 
amount of carbon in the former, which reduces its ductility, but 
increases the strength and the susceptibility to hardening by rapid 
cooling from elevated temperatures/ 

1 herefore to harden iron it must, at least in part, be converted to steel. 
Again, we must observe lhat, if a piece of steel is treated as mentioned 
under (it), the material becomes hard and very brittle. In this condition 
i( would he almost useless for implements! use and the further process 
known as tempering has to be resorted to in order to obtain a hard but 
serviceable metal. 

In the tempering operation the hard steel is heated to a relatively low 
temperature and then quenched; the degree of hardness which the steel 
retains is relative to the temperature at which it is quenched. For in¬ 
stance, the lower the temperature at which the tempering is carried out 
the Ick will the hardness of the steel t* reduced, With modern thermo^ 
statically controlled furnaces there is, of course, no difficulty in the exact 
control of the process, but the ordinary working blacksmith tempers 
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sred tools in a much more indent and simple manner known as the 'tint* 
method. If a portion of the surface of a piece of sted is polished and the 
steel then heated over a smokeless tire it will be observed that successive 
changes in the colour of the sted will take place; for example* the bright 
sted changes to a straw colour* then brown, blue. &c. Jones (1921-2, 
iii, p. R74) states that each of these colours represents 1 definite temper or 
state of hardness of the metal berween the two extremes of soft and glass 
hard. Hence it follows that, if the metal is quenched at any one of the 
various colours it will retain the temper appropriate to that colour. As 
Jones points out s rhe tint method is far from satisfactory by modern 
standards because the colours depend upon the duration of the heating 
as well as upon the actual temperature attained. On the Other hand, the 
tint method is very widely used and very good results can he obtained 
by an experienced workman in the tempering of his hand tools; he 
tempers his screwdrivers at a straw colour, chisels and drills at a purple 
shade, and so on. It is not possible to know the technique adopted by the 
Roman or pre-Roman smith for his tempering; probably he had no very 
dear idea of what he was doing. He must, however, have been guided by 
some observed results and it seems not impossible that he may have 
noticed the changing colours in a piece of carburized iron, which for 
■ome reason hud been polished, and had associated the colour changes 
with temperature changes. As with the discovery of smelting, we can 
never know the exact circumstances w-hich led to the important practical 
result, finally, it is of interest to quote Richardson's remarks concerning 
the difficulty of the tempering operation, 

It is impossible as yet to affirm or deny that the Romans Tempered their car¬ 
burised iron. The broad assumption is that they did. for it is quite inconceivable 
that having advanced to this final, all-important phase of heat treatment they 
could fail to complete the cycle. On the other hand, successful tempering requires 
controlled temperatures regulated to the varying composition of‘the iron carbide 
alloy. Tempering would, therefore, be only possible in those favoured localities 
where repetitive operations with a uniform product afforded opportunity for ob¬ 
serving rhe effects as measured by rhe various oxidation colours. Even fli best 
the difficulties were enormous and the results always uncertain. 

As we have already pointed out, in order to convert wrought iron into 
n steel which may he hardened, the essential thing is to increase the 
carbon content of the iron. In the earliest times tliis result was no doubt 
accidentally obtained by carburization which was due to repeated forging 
of the iron while heated in dose contact with the charcoal of the smith's 
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hearth. As a special ease, it may be noted that Forbes (1930, p. 409), 
whik doubting the possibility of the direct production of steel by the 
ancient*, considers that steel was accidentally produced under suitable 
conditions oi ore and furnace. In his view there was a possibility of pro¬ 
ducing sted from a bloomcry furnace when smelting manganese-bearing 
ores which were tree from phosphorus, arsenic, or sulphur. If the bloom 
was not dccarburizcd fully, a good malleable steel would be obtained. 
Some such conditions may account for the quality of the Celtic iron from 
Noricum, and Forbes thinks that the shaft furnaces of the region would 
have been well suited to the accidental production of such ‘natural steel*. 
Such occasional production of natural steel need not be confined to the 
spathic ores of Noricum, It may have existed at other metallurgical 
centres, and may well be the reason for the renown of certain ancient 
iron cultures. 

Again, Weiershausen (1939, pp. 192-3) considers that to make low- 
carbon sted in the early smelting furnace required no change in the fur¬ 
nace construction, but called for a different method of operating the 
furnace, and for the use of a suitable ore. In his opinion, 'brauneisen- 
stein’ is the most favourable ore to use and the following procedure was 
observed. The furnace was thoroughly preheated so that the highest 
temperature could be attained; also much more charcoal but less ore than 
usual was charged. The ox id id tig effect of the air draught was reduced 
by suitable inclination of the air parages in the case of natural draught, 
or with forced draught the tuvires were set a little higher than usual. 
The bloom had the shape of the furnace-well on its underside, and the 
iron thus lay at a low level and so was less influenced by the oxygen in 
the air-stream. Long immersion in a slag bath has a dccarburning effect, 
hilt with a manganese-bearing slag the carbon content will remain con¬ 
stant for se veral hours. Hence, the use of brown iron ore is helpful in the 
above process. 

The cementation process was certainly an ancient one. Here, the con¬ 
version of strongly heated but still solid iron into steel is effected by the 
passage of solid carbon into the interior of the mass of iron (Austen, 
1923, p, 56). This change in the properties of the iron was usually 
brought about by a controlled heating of the iron, at elevated tempera¬ 
ture* within closed receptacles containing carbonaceous matter, over a 
more or lew prolonged period of time according to the nature of the 
steel which it was desired to make. Until quite recently (possibly even 
at the present time), a small quantity of commercial Steel of special 
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quality was made by the cementation process. Lucas (19+8, p. 275) 
points out rbat iron only became a thoroughly serviceable material for 
implememal use after the discovery of carburizing, and in his opinion 
carburizing may he brought about by allowing The iron to remain in 
contact with carbon at 1 high temperature when some small proportion 
ot the carbon will he absorbed by the iron. The amount and depth of 
penetration naturally depend upon the length of time during which the 
hot iron and carbon are retained in contact. Experiment has proved that 
the absorption of carbon is greatest at the surface and gradually decreases 
towards the centre oi the mass. For many centuries the method would 
have been purely empirical, and the smith can have had no understanding 
of the principle involved. 

References to steel in pre-Roman or Roman times should be exam¬ 
ined with care. Such material is generally that which has been modified 
by carburization until it exhibits some of the characteristics of what we 
now call steel. Again, it may be a steel by cementation. Sometimes the 
hardening Is but a thin ‘case’. 1 Carpenter and Robertson (1930, p. 417) 
have carried out valuable research treating of the metallography of some 
ancient Egyptian implements. From this work it would appear that, by 
means of carburizing and heat treatment, the ancient smith was able to 
impart useful properties to the tools made from primitive iron. Further, 
it seems that even the earliest iron examined had been carburized, iron 
of an intermediate period had been carburized and quenched, while the 
latest {of Roman period, a.d. 200J had been carburized, quenched, and 
finally tempered. 

Some modern primitive iron workings afford a demonstration of how 
carburization must have been carried out in early times. In this con¬ 
nexion Rickard (1939, p, 98) points to primitive iron smelting as prac¬ 
tised by the natives of Mashonaland, in Southern Rhodesia, an account of 
which has been given by Professor Stanley { 1931). Here, the product of 
the smelting furnace is a lump of spongy iron of about zo inches in 
diameter. The iron as recovered from the furnace is very cellular, con¬ 
taining marked inclusions of slag and charcoal, and when cool is broken 
into pieces of suitable size for forging. In Professor Stanley’s own words: 

The number of heatings and forgings the metal undergoes, and the patience 
displayed by the artificers, are alike extraordinary to one used to modern methods 
but, of course, it is easy to see how the slag in some cases is hardly all beaten out, 

1 Tbe new meuiliirgintJ research recorded in Chapter X ii * mwt welcome addition Do our tntm 
kdge ol'racwm ttsd*. 
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wbik the inclusion of actual pieces of charcoal in the sponge-iron, and its gradual 
absorption and diffusion during working, quite sufficiently explain the produc¬ 
tion of steely iron and the unhomogeneou* structure. 

The above account makes it clear that the iron undergoes some consider¬ 
able measure of carburization during the repeated forging operations. 

Also referring to African iron of primitive origin, Cline C* 937 * PP' 

S 3 #■) 

When we polish a section of native Iron, lightly etch it with acid, and examine 
it under a low-power microscope, or even with the naked eye, we see that it has 
a very non-uniform consistency. The slag entangled with It will appear almost 
everywhere as dark swirls, ripples, and blotches on the light background of the 
pure wrought iron. Often, however, the surface is marked with several inter¬ 
mediate shades. These represent iron carbide, and a sufficient proportion of this 
compound to make the material harden at sudden cooling will bring it within the 
category of sted. If we separate and chemically analyse these areas of differing 
darkness we find that their carbon content ranges all the way from zero in the 
pure iron to 0-9 per cent, in the iron carbide. 

It may also be noted that sted may directly be made by smelting certain 
classes of ore, but this would hardly have had any wide relation with the 
prehistoric process. 

On the subject of hardening iron, Richardson (1934., pp. 53 IT.) makes 
some interesting observations concerning the part played by forced 
draught in the process. In his view, if unit production was only slightly 
increased by the employment of bellows, a marked improvement in 
quality may be traced to their use. Tliis would be especially true with the 
mangamfcrovis spathic* of Noricum, from which the iron-master of the 
Empire could make steel or high-carbon iron at will. If a hard iron were 
desired, more and thicker charcoal would be added, and by continuing the 
process longer with a reduced draught carbon was absorbed in approxi¬ 
mately the required amounts. To obtain a soft iron the process would be 
reversed. 


60 


Chapter IV 

THE EARLIEST SMELTED IRON AND CAST 
IRON IN ANTIQUITY 

archaeological notes upon THE EARLIEST smelted iron 
t t -T" !■: may now consider the earliest finds of smelted iron in the < )!d 
\ A / Wor]d * Rarc objects of iron have been found in the third millen- 
V V ilium b.c., and in considerably greater quantity in the first half of 
the second millennium, while towards the end of the second millennium 
iron becomes well established in certain regions of the ancient Near Hast. 

Ill Millennium Iron 

At Tell Chagar Bazar in north Syria a fragment of iron was discovered 
in level V (M alio wan, 1936, p. it), which the excavator considered to 
be not later than 2700 b.c, Professor Dcsch reported that the metal was 
completely oxidized, and contained 51*36 per cent, ot terric oxide, 
corresponding with 3 5*9 J per cent, of metallic iron; the remainder would 
consist of foreign matter derived from the soil. I he specimen contained 
no nickel and was therefore not of meteoric origin. Again, in 1937 ' 
M alio wan (1937, p. 98) said; 

Two fragment* of iron supply further proof that the Habur was a very early 
centre for the working of iron in the third millennium b.c. Both these specimens 
come from level III and cannot be later than 2500 b.c, Ic is, 1 think, mirjt 
certain that these two fragments, which have yet to be analysed, will proveto be 
of terrestrial origin, is wits the fragment of a dagger blade ihscovcred m level V 
in the course of the first campaign. 

Another highly important find is the bronze hilt which held the remains 
of an iron blade found at Tell Ambit. Ol this. Dr, Franklurt 
No, r6o) says: 

The temple service, a dosed find, to which the knife belongs was buried at 
the very end of the Early Dynastic period, say between 2450 and B.c. It is 
relevant that this blade df terrestrial iron was mounted m an openwork handle of 
bronze while the other objects of the hoard, sonic 75 pieces, were made of cop¬ 
per. The knife may therefore not have been ol local manufacture, 

I he iron was analvsed !>y Professor Resell [RBsf 1933 ' P - 4h>i rc 
ported the material to be rusted iron, converted as usual by long contact 
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with the earth into a hard magnetic, crys tallin e mass. The iron was free 
from nickel and was therefore nut of meteoric origin. 

A very fine dagger with gold-sheathed handle and iron blade is asso¬ 
ciated with the Royal Tombs at Alaca Hiivuk in Anatolia (Ko$ay, 1 95t, 
p. 167, pi. Ixxxii. 4). From the usually accepted dating for these tombs, 
the Alaca dagger no doubt belongs to the end of the third millennium 
»,e. Also, from period III of Alaca Huy uk came an iron pin with a gold- 
plated head, and a fragment of a crescent placjue. These arc mentioned 
011 P- 3 as the analysis suggests a meteoric origin for the metal. Recently, 
during the course of excavations at Geoy Tepc, in Persian Azerbaijan, 
Burton Brown came upon evidence for early iron working {Brown 1950, 
no. 4, 195 rip. the ^ period at Geoy "I epc (which the excavator 

places in the later part of the third millennium), a piece of iron was 
found. Analysis proved this to be of white cast iron. Such a remarkable 
piece can only be accounted for as the result of the serious overheating of 
a high-temperature furnace. The cast iron would, of course, have been 
useless, for it would have been impossible to work it at that time. How¬ 
ever, further evidence for iron working was found in the D or C period, 
and again in the A period which can be dated to the beginning of the 
Iron Age. 

II MiHemitum Iron 

Mesopotamia. In Mesopotamia iron is first mentioned by the cunei¬ 
form tablets in the time of Hammurabi. From the Human period there 
is a curious inversion in the use of metal in a dagger from Y organ Tcpe 
(Nazi), where the blade of the weapon is of bronze, while the hilt is of 
iron (Starr, 1937* If 125)* Parrot (193®* P- 3 ro ) reports fragments 
of iron found at Mari near the remains of the pre-Sargonid temple of 
Ishtar. 1 orbes ( ! 95 ^> P* 44 ^) states that iron weapons and tools appear 
in the Kapara period at Tell Halaf, together with a movable hearth, 
probably a brazier, flic general use of iron took and weapons in Mesopo¬ 
tamia was of late occurrence; probably not until 900 to 800 u.e, did their 
use become really genera!, 

Frrsia. In Persia one would expect to find evidence for iron working 
during an early period. However, on the evidence so far available it 
would seem that the first Iranian iron production is relatively late For 
instance, the iron objects of Tcpe Giyun I and Tcpe Siatk A'are nearer 
to the end than to the middle of the second millennium, while the rich 
ron product,on ol Luristan falls only within the fim millennium tec. In 
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Luristan, while bronze still prevails, many objects daring from around 
ioqq to 750 n.Ci arc composite, the working parts being of iron white 
the aon-functional parts remain of bronze. 

Syria and Palatine. In the first half of the second millennium iron 
remains very rare. After about 1 500 b.c. there is quite a marked increase, 
and from around 1300 to 1200 b.c. we find evidence for the beginning 
of 3 true iron industry. During the first part of the second millennium 
iron was, of course, so rare that the iron objects are limited to those of ,1 
ceremonial or ornamental character. One of the must notable, although 
later, pieces is the very fine battle-axe discovered at Ras Shamra on the 
Syrian coast by Schaeffer (1939, pp. 110 ff.; Lamb 1940, p. 393). This 
axe was deposited tx voto in a little sanctuary apparently forming part of 
an important building dating from the end of the fifteenth century B.C., 
or to the first half of the fourteenth century. T he axe was made from 
three different metals, copper and gold for the socket, and iron for the 
blade. The material of the blade would more accurately be described as 
a nickel steel (sec p. 34), for analysis gave the following composition; 

Iron 84 95 per cent. Nickel 2-25 percent. Sulphur0-192. Phosphorus 

0-39. Carbon 0*410. Oxide of iron io-8 per cent. 

Also from Syria Pnzcwonski (1939, p. 141) mentions the following 
finds. A gold-plated iron amulet of the time of Amcncmhct III was 
found in a Royal tomb at By bios (Virollcaud, 1922, pp. 286 ff.; Pig. 6). 
Later there fa mentioned in the temple inventory of Katna at the time of 
Thutmosis III seven iron objects of which six were gold-plated (Virol¬ 
lcaud, 1928, p. 92; 1930, pp. 334, 337,339). In a late Bronze Age level 
at Ge/t-r in Palestine was an iron ring, and two iron axc-blades which 
were found in 3 water tunnel, and may be ascribed to the same period 
(MacaJister. 1912; i, p. joi; hi, pi- 63, p. 61; Li, pp. 269 ff., Fig. 417). 
From Tell cl MuteseJlim III (Mcgiddo) comes a tool with an iron handle 
(Schumacher, 1929, Fig. 98). 

Finally, from Minet el Udda came beads and iron rings which were 
evidently regarded as of great value, since they were buried with gold 
and silver (Schaeffer, 1929, p. 292). At Lachieh (Tel! d Duwcir), there 
14 no record of very early iron. The iron excavated (Tufncll, 1933} dates 
back to about 1100 B.C., but the majority of the iron so far excavated Is 
of considerably later date. According to Wright (1939. p. 459), in 
Palestine iron was introduced for a variety of implements in the late 
twelfth and eleventh centuries BX\ The sites with datable iron objects 
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from these periods are Tell cl-Far'ali, Gem, Bcth-shemesh, Gczer, Tell 
el-Hcsi, and Tell el-Ful. 

Although the evidence is decidedly scanty* it appears possible that 
smelted iron was known in Palestine by the middle of the second millen¬ 
nium d.c., and even earlier in the north in Syria. 

Anatolia and Tram-Caueatia. The occurrence of early i ron at Troy is 
confused and doubtful According to Forbes (1950, p. 450) useful iron 
may not appear before the destruction of Troy VI in the twelfth century 

H.C, 

The oldest iron remains of Trans-Caucasia come from the late Bronze 
Age kurgan, number 28, of Hclcncndorf in the GandSa-KarabSg dis¬ 
trict. In Georgia and Armenia iron objects do not appear before 1200 b.c, 
and then they arc rare (Przcworskl, 1939, p. 139). It may be said that 
in general, iron i$ of late occurrence in t rans-Caucasia. 

Crete and Greece. \Yc have mentioned some finds of early meteoric 
iron in Crete, and it would appear that smelted iron was also known, 
although but little used in the second millennium. Przcworski (1939, 
P* J + 3 )» following Mosso, mentions slag derived from the reduction of 
oxidized ores at the great Tholos of Hagia Triada, Objects of the finger- 
ring class appear to be known after 1 500 ».c„ but in general, iron in 
Crete only attained importance after about 1 zoo u.c. It is likely that 
iron in Crete was a foreign metal, for there arc no notable deposits of iron 
ore in the island. A large and interesting class of prehistoric iron objects 
arc the finger-rings (Childc, 1939, p. 28), mostly found in Mycenaean 
graves and usually built up of successive layers of different metals. They 
arc in fact dry batteries, precursors of galvanic rings and so their magical 
value may rest on some basis of scientific fact, The Phacstos rine has a 
bronze core overlaid with gold for one-half of the circle and vviTb iron 
for the other. A similar ring is in the National Museum at Athens. At 
Dendra, near Media in Greece, Professor Pcrsson found four metal rings 
of which three arc composed of four layers of metal in the following order 
from the exterior—iron, copper, lead, and silver. Excluding the iron 
ring found at Vorwoldc, in Sulmgen, Hanover, which merely consists of 
iron oxide, these composite rings are dated from c. 1 500 to 1 200 D c 
Iron tomes into regular use for weapons, &c. t in Greece with the IToto- 
gcomttm period, at least in the less backward gam of the country. Do- 

borough (1952, pp. 308-12) may be referred to for list!, of this later 
iron* 

I-or Greece and Crete a useful summary of the evidence k given by 
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II. L. Lori me r {*950, pp. i u-iz), from whom the following list of 
iron objects of the Bronze Age found on Minoan or Mycenaean sites 
is quoted. 

1. Small cube of iron from pit with MM IP contents in chamber-tomb in 
Mavro Spelio cemetery at Knossos; BSA. xsviii, pp_, 279 and 296. 

2. King from the Vaphio tholos tomb; period of transition from Shaft-grave 
culture to LH 11 ; Eph. Arch , 1889, p. [47. 

3. Front half and bezel of bronze ring partly overlaid with gold from tholos 
at Kakovatos con tern porary with the Vaphio tholos; AM. xxxiv (1909), 

E i. 275, pi, xiiij no. 35. 

ron nail from Knossos with an ornamental gold head; USA. vl, p, 66, Not 
precisely datable; LM (or II. 

5, Half of bezel of ring from an LM tomb at Phaistos; Men. Ant. xiv, p, 593, 

fi F* W*, 

6. I hree rings of iron, copper, lead, and silver trom the King's I omb at 
Dendra; Persson, The Reyai Tembt at Dendra, p. 56; first half of fourteenth 
century. 

7. Iron stud with gold head at either end from Chamber-tomb 2 at Dendra; 

Persson, ibid., p, 79; thirteenth century. 

8. Iron pendant overlaid with gold from same tomb; ibid., pp. 102—3. 

9 . Fragments of an iron ring from Chamber-tomb I. i at Asine, end of T.H [I 
or LH III; Frbdin and Persson, Aline, p. 373. 

10. Two iron rings from Mycenaean chamber-tombs, presumably 1 ,H III; 
Eph. Arch. 1888, pp, 135 and 147. 

1 t. Traces of iron on one of several lead clamps used for attaching door-jambs 
to walk of palace of Gha in Roeotla; LH III; Tsountas and Manatt, The 
Mycenaean Age, p. 381. 

Egypt. Maspero’s finds of iron from Saqqarah, Abusir, and Dahshur, 
as well as the piece of iron reported by Vy$c as from the Great Pyramid, 
might be taken to indicate that the knowledge of iron smelting was early 
in Egypt. Actually, the evidence is not sufficiently satisfactory to enable 
us to place any reliance on their archaeological dating. The doubtful 
pieces of iron arc; 

(i) The well-known piece of Iron from the Great Pyramid of Giza, supposed 
to belong to the IVtfa dynasty. 

(ii) Various piece* of chisels from Saqqamh. Ascribed to the Vth dynasty. 

(iii) Several pieces of a pickaxe from Abusir. Vlth dynasty, 

(iv) Some broken tools from Dahshur. Vlth dynasty. 

(v) A lump of iron rust, perhaps a wedge, from Abydos, Vlth dynasty, 

(vi) A large spearhead from Nubia, XUth dynasty. 


B MM 


1 MM. = Middle LM. - Utr Mawm. LH. - Late ItdLidic. 
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It is a distinctly suspicious list. The piece of iron from the Great 
Pyramid at Giza has been examined and found to be of smelted 
origin (Desch, 1928), but it appears doubtful whether the piece really 
is of the age which has been assigned to it; there is the possibility that the 
iron may have been a tool belonging to one of Vyse's own, workmen 
which slipped down during the course of the excavations. The finds from 
Saqqarah. Abusir, and Dahshur are all reported bv Maspcro, and the 
evidence does not appear to be sufficiently satisfactory {to the modern 
archaeologist) to warrant these objects being considered authentic in 
regard to the dating proposed. Of the iron rust found hv Petrie at 
Abydos, Lucas (1934, pp. 195-6} says that the rust vvas tested chemi¬ 
cally and was not of meteoric origin, also that there is no proof that it 
was a tool or implement, and that it is a mystery how if came to be placed 
in the foundations of a temple at A byd os. There arc various difficulties 
111 the way ot accepting the Nubian spearhead, although the finding and 
dating would appear to be in order, and the metal has been analysed and 
found to be of smelted origin. However, the type is modern (Wain- 
wright 1936), and it seems unwise to accept this single specimen as 
evidence for iron smelting in the Xllth Egyptian dynasty. Of more impor¬ 
tance is an iron deposit which was found on a flint wand hy Reisncr in 
the Mycerinus Valley Temple at Giza, IVih dynasty. The deposit in 
question {Dunham and Young, 1942) was spectrographjcallv examined 
by W. J. ’Young, who stated that the material must have been iron in its 
feme state. No evidence of nickel was observed. (hat the iron was 
not of meteoric origin. The inference is that the magical set’ found 
by Re.sncr included some piece of terrestrial iron. It appears probable 
that Egypt was one of the last of the ancient civilizations to enter the 
Iron Age. No doubt smelted iron gradually became known during the 
New Kingdom, possibly after 1400 a.c., but the metal cannot have been 
well established until many centuries later. Indeed, Lucas (1948, p 
considered that on the evidence so far available the earliest working of 
iron «« Wcrc the smelting operations at Naucratis in the sixth century 
B C discovered by Petrie, while Forbes (1954, pp . 596-7) thinks that 
rhe Iron Age proper does not begin before 600 j s . c , It is [10 t unnatural 
that the Egyptians should have been slow in adopting iron. First, became 
they had built up a very extensive industry in copper and bronze which 
no doubt seemed quite adequate to them for their needs. Secondly while 
there arc iron ores in Egypt, the ores may not have been easily worked 
or of the quality required to suit the early technique. Again, iron could 
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not have been cast like copper and bronze and it is a far more difficult 
material to forge than copper. This would be a matter of considerable 
importance to the Egyptians in view of their limitations in tool equip¬ 
ment, and in particular of their traditional dislike of using the shafted 
hammer. 

India and China, Evidence for the first occurrence of iron in India is 
uncertain, but in general it would appear that the Iron Age in India is 
relatively late. Forbes (1950, p. 456) considers that there is proof that 
iron was known in the Rigvcdic Age. In his view iron was introduced 
into northern India by 1000 t.c. or even earlier. In southern India, not 
until between 500 and 200 b.c. do iron tools and weapons become com¬ 
mon. In a recent work Colonel D. H. Gordon (1950, p. 67) considers 
that there is no materia! evidence to prove that iron was introduced into 
India or Pakistan earlier than the beginning of the first millennium a.c., 
and it appears likely that the event occurred sometime between 700 and 
600 H.C., although such a date is speculative and not backed by concrete 
evidence. 

Forbes (1950, pp. 440-1) considers the antiquity of iron in China to 
have been exaggerated, and that it has lately been proved that the transi¬ 
tion from bronze was in the Tsin dynasty, 2 55 to 209 n.c., and in the early 
Han dynasty of 209 b.c, to a.d. 25. In the later Han dynasty, China was in 
the full Iron Age, The Chinese have a good claim to be the first people 
to have made really practical use of cast iron. Complicated objects such 
as stoves were cast in iron during the later Han dynasty. This is a remark¬ 
able technical achievement both in founding and in moulding. The key 
to the process would appear to be that the iron was melted together with 
coal in crucibles. The high phosphorus content of the coal had the effect 
of much reducing the melting-point and rendering casting easy. Castings 
of remarkable size were made, Forbes mentions a Buddha of 5 metres in 
height from Tsinanfu dating from the sixth century, white a cast-iron 
lion of a.d. 95 $ is quoted as being no less than 20 feet in height and 
t8 feet in length. 

Arehatoiagttai Notts 

During the early appearance of iron the use of the metal was very 
limited. In the Near East the first iron seems to have been used (on 
account of its scarcity and cost) for amulets and ornamental purposes 
only. Later, when more iron became available, although it was still a rare 
metal, iron was often incorporated in part of a weapon. For instance, in 
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a dagger the blade might be of iron while the hilt was of bronze; next, 
when iron came into more or less general use wc find the whole tool or 
weapon made of iron and the forms of the various objects become condi¬ 
tioned to the properties of the new metal, 

1 he objects ot third- and carly-sccotid-millennium iron so far recorded 
arc far too scanty to permit of a distribution map which would be of any 
real value in determining the focus of the first iron working. Wc can 
only indicate its probable origin as somewhere to the north, or north- 
cast, of the Fertile Crescent, It may be helpful to mention some views 
expressed by Schaeffer in his latest work {1948, pp. 297, 546). In 
Ills view, the opinion that the most ancient objects of manufactured 
iron arc of Assyrian origin can no longer be maintained. His view is that, 
given what has been learned from the El Amama texts concerning the 
origin of iron in the fifteenth century b,c. and now that many objects of 
iron of such high antiquity have come from Asia Minor, it no longer 
seems prudent to refuse the paternity for the origin of iron to the Anato¬ 
lians, and perhaps more particularly to the inhabitants of the Armenian 
regions. Due to their experience it is probable that the metallurgists of 
Asia Minor became the first producers of iron in quantity when, after the 
thirteenth century b.c,, this metal supplanted bronze for the manufacture 
of arms and weapons in the Ancient East. Again, Schaeffer thinks that, 
having lost the monopoly of mineral exploitation, and of the manufacture 
of bronze hardened by appropriate alloys, the metallurgists of Aria 
Minor and Armenia were nevertheless able to guard the secret of the 
manufacture of iron. From the end of the third millennium they had 
been able to master the difficulties of extracting this metal. To judge 
from the discoveries actually known, iron was not in use anywhere d tiring 
the Middle Bronze period, even for royal armament or decoration. 

I he disappearance of the metal after its first utilization at the end of 
the Ancient Bronze period, and its apparently total eclipse during all the 
Middle Bronze period, is a very curious and interesting phenomenon. 
Iron only appears to have been rediscovered during the Recent Bronze 
period and, from all the evidence, in the same region, that is, Asia Minor, 
fins gave the metallurgists of the region an increased reputation and a 
new period of prosperity when, during the final Bronze phase (corre¬ 
sponding to the New Hitritc Empire), iron commenced to be adopted 
first for armament and then towards the end of the period for tools by 
all the civilizations of Western Asia, The disappearance of iron after its 
hm utilization, if indeed future research confirms that it did, in fact, 
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actually disappear, may perhaps be ascribed to the difficulty of working 
the iron without an efficient equipment of tools. We must remember 
that, unlike copper, iron has to be forged hot; for such work smiths’ 
tongs are very necessary, but early in the third millennium they were 
almost certainly not available. As we shall see later, a second important 
reason is that iron made by the primitive process is soft, and of little 
value for cutting tools because it is not possible to impart sufficient 
temper to the blade to obtain a good and durable cutting edge. So long 
as the early iron blades had only soft copper tools to compete with, they 
would have been of value for they were, of course, considerably harder 
than copper. When good bronze became available the position was a 
very different one. Figures for the relative hardness of soft wrought iron, 
and bronze of around 10 per cent, tin content, clearly show that a good 
bronze when fully work-hardened is considerably superior in hardness to 
the primitive iron. Hence, it would not be so surprising if it were estab¬ 
lished that the introduction of bronze checked the development of iron 
for some centuries until the iron workers had discovered how to produce 
iron which could be hardened, and had also evolved a suitable kit of tools 
to deal with the forging and other processes. 

The chief basis of the often repeated story of a Hittite state monopoly 
of iron-working is the well-known letter found at Boghazkui, KtUtehrift - 
texts ms BoghazkSi, i (tgt6), p. 14. As some of the far-reaching recon¬ 
structions built on this text have been frequently repeated as if they were 
proven facts, it is important to remember how hypothetical they arc. 
The circumstances in which the letter was written arc entirely obscure 
and all inferences about motives are unfounded guesses. The writer is 
generally, and reasonably, thought to have been Halt us ills III, but the 
addressee is unknown. There is no evidence for the older view tliat he 
was the Egyptian Pharaoh (Ramcscs II), and recent opinion inclines 
rather to Shalmaneser I of Assyria (so Cavaignac in Rev. hittite et asia- 
rtique, ii (1954), pp. 233 f., and recently Gpctzc, Kbezutoatna and the 
Problem of Hittite Geography (1940), chap. III). 

This letter and others among the Amarna letters show that iron 
weapons were rare, much prized and lit royal gifts. But as Goetzc says 
(op, at. 33), ’There is no reason whatever for the belief that the Hittites 
wished to monopolise the precious metal for themselves. Nothing indi¬ 
cates that sending the weapons would have involved military secrets. 
The contemporary Amarna letters arc full of similar requests.' The 
Hittite king’s failure to oblige his correspondent is capable of various 
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explanations compatible with the scanty evidence. That he was making 
excuses because he did not want to send iron is one such possible explana¬ 
tion, but there is no reason for doubting that there was a genuine 
shortage. It is possible chat, as has been suggested, iron working may 
have been a seasonal occupation for the peasants at times when there was 
no other work (so Gurney, The Mittites^ 83)* or that there may have 
been religious or magical reasons preventing the work (Cotitcnau, 
Manuel^ iv, p, 1893)* ^ 0r Boghazkbi letter imply that iron was 

produced at Kizzuwatna, but only that iron weapons were stored there. 
For the approximate location of Kizzuwatna there is now virtual agree¬ 
ment among scholars that it coincided, partly at least, with Cilicia. The 
arguments arc given fully by Goetze (op. dt,). 

While we cannot agree, it' is only right to give Przeworskfs opinion, 
although this dates back to 1939, as he made a valuable study of the 
Anatolian iron industry (1939, pp. 161 ff.). He considered that the 
formation of the iron industry in the east Mediterranean and Near 
Eastern region took place after many hundred years of development of 
iron working. Even in its first beginnings it was not confined to a definite 
find-spot, bur was assignable to various lands at the same time; therefore 
a single source for the ancient oriental iron industry cannot be allowed. 
Its building up was the result of tedious general search and experiment 
of the whole Near Eastern world. Przeworski admits that these views 
contradict the frequently cited hypothesis that the Armenian-East Ana¬ 
tolian highland was the home of ancient oriental iron metallurgy’ he 
considers that the early iron finds of the Near East in no way prove that 
Anatolia was in advance of other lands in any stage of development of 
iron metallurgy. The evolution of the early Anatolian iron industry was 
closely allied with that of the neighbouring regions, and in gcneral'ran a 
parallel course. If this view be accepted, the Asia Minor branch can have 
no pretentions to the discovery of iron technique, although it greatly 
assisted in its improvement and development. 1 

Richardson (1934, pp. 556-7) considers that some regions made a 
rapid advance to a developed bronze culture, but seemed reluctant to 
take the next step and go forward with iron. Egypt offer* a classic ex¬ 
ample, for no doubt Egyptian metallurgists had knowledge oflron, and 
some attempts may have been made to apply their knowledge, but at 
great cost a stable and profitable copper and bronze industry had been 
built up which met every present need, and so far as could be seen would 
continue to meet the Egyptian needs. The change over was delayed by 
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the fact that, while iron might be a metal of future promise, in the 
immediate proem it was no better than bronze. 

To conclude this very brief survey of the archaeological record, it may 
be said that there h a considerable amount of recorded iron as a result of 
excavation in various countries of the Old World but, particularly before 
the dispersion of the Hi trite Empire in the twelfth century b.c., the evi¬ 
dence is scanty and inconclusive* The archaeological history of the de¬ 
velopment of the iron industry will remain dark until we have more 
material, and much more scientific examination, of past and future dis¬ 
coveries, Apart from the sporadic occurrences of iron objects in very 
early contexts which are known in the Ancient East, it may be said that 
the making of hard and useful iron was most likely achieved by the 
Hittitcs as early as the fifteenth century is.c.; while around 1200 ».c. 
there was an important general increase in the production of iron, and it 
may be said that a true iron industry dawned. For the transition of iron¬ 
working to Europe upon any extensive scale some considerable time was 
required. Clark (1952, pp. 199-200) mentions a first establishment of 
iron working in Greece and the Aegean around 900 b.c. From the eastern 
Mediterranean the knowledge was brought to Tuscany possibly by 800 
&.C-, but it was not until about the middle of the seventh century R.c. 
that iron working really became established in the Alpine regions, after¬ 
wards to be widely distributed in Central and western Europe under 
Hallstatt influence. 

Cat/ Iron fa Antiquity 

The Material* As a material, cast iron is very different from wrought 
iron or steel, ft is brittle and cannot he shaped by forging, hut it has the 
advantage that it pours easily and can therefore be cast to any required 
shape in the same manner as the non-ferrous metals. Steel may of course 
also be cast, but that is a modern high-temperature process which could 
have no application in the times of which we treat. The basic difference 
between our primitive wrought iron and cast iron is that, when iron is 
liquefied in a blast, or other high temperature furnace, it absorbs from 
a to 5 per cent, of carbon and other impurities. It is this absorption of 
carbon which gives the iron hard and brittle properties when it solidifies. 
In modern practice the ‘pig iron’ from the blast furnace is not used 
without further refinement by which the original iron is controlled in 
composition and suited to the various manufacturing requirements. How¬ 
ever, in general, there are two main classifications into ’grey cast iron* 
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and 4 white cast Iron’, both containing between 2*5 and 4 per cent, of 
carbon (Alexander and Street, 1946, pp. 114-15). 

For our purpose it may often be necessary to distinguish between 
these two varieties of cast iron* and the essential difference is in the condi¬ 
tion in which the major part of the carbon exists in the metallic structure. 
The terms white and grey refer to the appearance of the metal when it is 
newly fractured. In the white iron, all the carbon is present in the struc¬ 
ture in the form of cemcntitc, while in grey iron most of the carbon is to 
be found in graphitic Hakes with a remainder in the form of pcarlitc. 
Since cemcntite is extremely hard, it follows that white cast iron is very 
hard but brittle, while the grey iron is rendered soft and less brittle by the 
graphite Hakes. Also, it is important to note the relatively low melting 
temperatu re of the grey iron, 1,140° to 1,200° C. 

The followinggroups of cast irons, and Fig. 3 (see p. 73), showing some 
structures of cast iron, arc taken from E. C. Rollason (see 1939, fig. 104 
and p. 190). 

Free Cemtotite+pearlite, / h —white, hard, unmachinablc. 

Cementite4- graphite 4 - pcarlitc,/—mottled, difficult to machine. 

Graphite + pearl he, e —grey, machinable, high strength. 

Graphite 4 peadite + ferrite, e — grey, soft, weaker. 

Graphite +■ ferrite, &— grey, very soft, easily machined. 

As we have noticed in the case of iron and steel, the term ‘cast iron" 
may cover very considerable variation in the actual composition of the 
metal. Hilton (1953, p. 97) gives the following range of variation which 
exists between the various grades of cast irons as now produced; 


Graphitic carbon 
Combined carbon 
Silicon . 
Manganese , 
Phosphorus 
Sulphur 


. 1-o to 3'75 per cent. 


era to 3*0 
» o z to 3-5 

O'?, tn i-f 



O'OI to 0-1 


All the primitive iron of the period with which we arc dealing w as 
wrought iron us distinct from our modern iron which is very frequently 
mdted and cast. In the normal primitive smelting process, as the ore 
becomes reduced and falls down through the various zones of the fire, 
the oxidizing dux causes a partial decarburizatton, the melting-point 
becomes raised, and the temperature is only enough to enable the iron to 
collect in a sponge-like form at the bottom of the furnace. There could 
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have been no question of melting the wrought iron after it had been pro¬ 
duced by the founder* since the temperature required to melt wrought 
iron is approximately 1,530^ considerably above the temperature 
range of any early furnace (Coghlan, 1941* p. 77), When furnace tech¬ 
nique had advanced sufficiently and tall furnaces* blown with artificial 



Graphite 


Ferrite 


Graphite 
Fiji a 

Ferrite 

Fterifte 



e 


Graphite 

Pe er I iet 
nstrii 




Euteetk of 
petrliti 


j Primary dtndritei 

y (pwliu) 

CementJtfl (from 
d«n4ritai) 
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cryituFr of 
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^ Graphite 

eenmhUU 
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Fig. j s Some itrmture* ^fcait iron (jw MolLikHi, 191^. pp, 1 Fre^ ciermtilc 

And peirliie, Omrniiic, graphite, and pcarlile*/. v fifTsphne tnd pcajlil^ *% 

4- Gntphile t pwiitr, and fcmlc, f. 5. Graphite and frrmr t *. 


draught, came into use, it appears that a little cast iron was accidentally 
produced. However, when a little cast iron was so made it would have 
been useless to the early smith, first, because the metal is quite unsuited 
to the manufacture of most tools or weapons, and secondly, without 
modern tools the smith would have been unable to make use of such a 
non-malleable material. Tills point is well illustrated by the care taken in 
working the targe and High furnaces used until quite recently by some 
At near 1 tribes; the air-blast was carefully regulated in order not to allow 
the furnace to become over-heated and so to avoid the possibility of any 
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liquid iron collecting in the hearth. Tn general we may say that in all 
small prehistoric furnaces the metal never collects in a fluid state in the 
bottom ot the furnace. 

In connexion with the later discovery of cast iron as a useful material, 
we may quote A. R. Hutchieson's remarks (1950* p. 84): 

The distinction between malleable and cast iron and the purposeful produc¬ 
tion of the latter became established during the 1 5th century. The recent dis¬ 
covery of a solitary hollow 4 inch cast iron ring at Bjfii Slcila,* Moravia, dating 
back to 600 E.c. was an astonishing revelation and pointed to an earlier know¬ 
ledge of this form of the metal, but it does not prove the existence of an industry. 
During the 14th century', the size of the furnace used for making malleable iron 
had been gradually increased to save fuel and to reduce the cost of manufacture, 
1 he accidental production of ntoltctl iron hail; become (ncrcasinglv frequent, 
because the metal had been kept longer in dose contact with the fiiet and $0 had 
become more highly carburized, which had the effect of lowering its melting 
point. This phenomenon, once viewed with feelings of dismay, was later to 
become a basic (actor in the process of iron manufacture. 


ROMAN CAST IRON 


In prehistoric times it is agreed that the direct process was practically 
always used for the production of iron, but when we come to Roman 
times we must allow the possibility that the indirect process was known. 
As long ago as 1904, this question was considered carefully by Mr. May* 
with the help of analyses and expert advice (May, (904, pp. 33 ff.). 
From s rad ting hearth II, at Wildeispool, near Warrington, a piece of 
iron strip was analysed by Mr, Ruddock, Public Analyst, Warrington, 
with the following result: 


Carbon combined .... q - o 6 q 

Silicon ...... Trace 

Sulphur ...... o- D z 7 

Phosphorus. . 

Manganese ..... Trace 

Iron, by difference . oa-SyC 


In Mr. Ruddock’s opinion ‘this specimen was a pure variety of soft 
iron made from magnetic ore or red haematite, and purified from cast 
iron, as such a low percentage of carbon would have been practically 
impossible if made direct from the ore in this rude furnace’ Again a 


1 Bui in this Um Kf y 78. 

1 AliWgh i' dm* hide Wf a Mr. May, work k woriij- <>rd«c ,tud r . Hii peiRod, 

Hfetuelv fii.-dul, uij «i uuforiviT In mx lliat he tool: ram advm nr™ m ,t/n." ' l ‘L 


vrm 


t«j|s crptft advice upon metal] u r^i c« I ipusttum. 
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piece of wrought iron resembling a cotter or 
the following result: 

lynch pin was analysed with 

Carbon .... 

, , 0090 

Silicon .... 

p * o*o6d 

Sulphur .... 

* * 0-031 

Phosphorus . . 

* * G-2j7 

Manganese 

* - Trace 

Iron, by difference 

* * 99*562 


The high proportion of phosphorus led Mr, Ruddock to consider that 
the iron was produced from an impure ore, also that it w as probably made 
from cast iron and not direct from the ore. In view of the importance of 
this matter* and of the evidence found at Warrington for the use of coal 
for smelting during Roman times, we quote May’s conclusions upon 
these points in his own words: 

The foregoing details of (i) the construction and surroundings of three 
different kinds of furnaces, viz,, one roasting ovens, smelting hearths, and crucible 
or refining hearths; (?) two kinds of fuel, cannd coal and ordinary mineral coal 
in the former, and charcoal in the latter, for the manufacture of iron; {3) the 
results of analyses of specimens of ore, slag, cinder, crude or cast iron, and 
finished iron derived from these furnaces; and {+) the npjninn of an expert in 
regard to them, arc strong evidence in support of the view that an indirect method 
of producing crude or cast iron in one furnace, and re-hearing it in another with 
charcoal to convert it into pure or malleable iron, was practised in this locality. 
This view receives further support from the discovery this season on the south 
side of the oppidum of another similar group of furnaces to be described later. 

Concerning the use of coal as a metallurgical fuel, it is very interesting 
to note that mineral coal* principally can net, was in use by the Romans at 
Warrington, hence the use of coal as a fuel for smelting, for from having 
been introduced for the first time by Dudley in a.o. 1618, must be 
carried back to Roman times. 

It would appear that the Romans could, and occasionally did, inten¬ 
tionally make cast iron, Proof is afforded by the following information 
from Fiddhouse, May, and Wdlstood (1931. pp* i2~t8, p. 33), At 
Wilderspool near Warrington, where the 20th Roman Legion had their 
iron foundries, a small block of cast iron was found from one of the 
purifying furnaces. This iron was analysed by Mr. F, C. Ruddock, Pub¬ 
lic Analyst at Warrington* with the following result: 

Block of iron about 2' x ij*x 1", coated with scale. 

Carbon combined . . . . 0-230 per cent. 

Carbon, as graphite . . 3-000 ,, 
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Silicon 
Sulphur 
Phosphorus , 
Manganese . 

Iron, by difference 


1-050 per cent. 

04B5 

o* 7 j 6 

0*403 „ 

94*076 


*A sample of cast iron extremely brittle, melted with coal from an impure ore, 
probably spathic, owing to the high phosphorous and remarkably high sulphur". 

Again, at Tiddington, from the Golf Links site, a bar of Roman or 
Romano-Brittsh iron was reported upon by Percy Rowley, B.Sc. The 
bar, which proved to be of cast iron, measured 6$ in. length, the section 
being e| xj in., tapering to in. The weight was 1 lb, 4 vz. The analysis 
as given below is identical with that of cast iron commonly used in en¬ 
gineering practice today. 


Total carbon, . 
Graphitic carbon 
Combined carbon 
Silicon . 

Sulphur, 

Phosphorus 

Manganese 





* 3 ‘52 per c 




- 3*21 




- 0-31 




- i* 9 « » 




- 0-049 » 




- 0-765 „ 




, 0-630 „ 


In the ‘settlement 1 area at Hcngistbury Head a considerable amount of 
iron slag indicated that iron smelting, probably of a poor and primitive; 
nature, was carried on. The occupation of Hcngistbury is dated by con¬ 
siderable finds of pottery and coins to the Iron Age and Roman periods. 
A most interesting piece of metal which proved to be cast iron was 
recovered from the settlement area. Upon this Professor Gowland (1915, 
pp. 76-77) reported as follows: 


White cast iron. This was in the form of an irregular shaped mass, weighing 
about two pounds., encrusted with slag. Iron of this kind might be occasionally 
produced in the small primitive furnaces of the period when the temperature 
became higher than that required for the production of malleable iron owing to 
a temporary accidental increase of the blast. It Is a hard, brittle metal and could 
not then be applied to any useful purpose. A much higher temperature is re¬ 
quired tor rh e production of grey iron suitable for castings, and this could not 
be attained in the low furnaces used for making malleable iron, so that no cast 
iron objects of the Roman period, or even htcr^ until mediaeval times, have vet 
been found. Analyses by Mr. F. A, Harbord gave: 


Carbon, graphitic 
Carbon, combined . 

76 


O' 16 per cent, 

3’33 it 
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Silicon - 
Sulphur. 
Phosphorus 
Manganese 


0*38 per cent. 
0*03 j „ 
o-180 „ 

Traces „ 


In rhe light of the evidence which is now available Professor Gow- 
land's statement to the effect that m cast-iron objects of the Roman 
period have yet been found must be modified. It Is more correct to say 
that such objects arc exceedingly rare in western countries. 

In the year 1877 a statuette of iron was found by one of the workmen 
w hile digging the iron slag at Beauport Part near Hastings, Sussex. It w as 
acquired by the late Charles Dawson w’ho claimed that it was Roman, 
and probably the earliest specimen of cast iron known in Europe. The 
statuette was sent to Dr. Kdncr of the Royal Arsenal, Woolwich, for 
examination and analysis, and it w'as found to be without doubt of grey 
cast iron. However, opinion was divided as to whether the statuette ms 
really genuine. Striker {1931, p, 337) said that, notwithstanding Mr. 
Dawson’s belief in the authenticity of the find, there are some doubts on 
the matter. The sale of objects found was a valuable source of income to 
the diggers, and it is possible that deception may have been practised. 
Recently, as a result of the Piltdown forgery, the statuette has again come 
under notice and further investigations arc in progress (Downes, 1954). 
All w'c can say at the present time is that it has not yet been proved that 
the figure is a fake, or genuine but of recent origin. As the find was not 
a result of archaeological excavation it would be unwise to accept it as 
undoubted evidence tor Roman cast iron. The Hastings statuette would 
be less suspicious if we could point to other small cast-iron figures of a 
like nature, and of Roman dating, but so far wc have no supporting 
evidence of that kind. 

In May 1883 a cast-iron statuette 15 cm. in height was dug up in the 
garden of a villa in Plittcrsdorf, Germany (Schaaffhauscn, i88fi). This 
statuette was that of an Egyptian woman and was umtratificd, but in the 
same garden Roman tiles, sherds, and coins were also found. Schaaff- 
hausen remarks that a Roman sculpture in cast iron has not yet been 
found, and therefore great care is necessary before accepting it as genuine. 
He points out that in the time of die first Napoleon such classical pieces 
were popular, and such a casting could he of recent origin. However, in 
his opinion there was no question of a fake, hut he bases his view upon the 
corrosion of cast iron compared with other materials; alto upon the tact 
that he could nut trace any records to show that such figures were recently 
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cast in France or Germany. We cannot accept the Egyptian statuette on 
such terms. It is indeed more likely to be modern than ancient. 

In 1846 a small east-iron statuette of Cupid, 7 6 cm. high, was found 
in a field at Hockenhcim, east of Speier, Germany. Schaaffbauscn ex¬ 
amined this figure in 1 885 in tire Karlsruhe museum. Apparently a small 
bronze statuette of Cupid was also found at Hockenhcim, and by mistake 
this was illustrated on p. 141 of Schaaffhauscn's paper. The correct draw¬ 
ing of the cast iron cupid will be found in the Bonner yahrkuch. Heft 
LXXXIL 1886, p, 199 (SdmfFhausen), From this illustration the 
figure appears to be a rather crude piece of work, and could well be 
Roman. However, as there is no true supporting evidence of an archaeo¬ 
logical nature, the dating must be left an open question. 

In a private communication Dr. Radomir Planer has kindly informed 
me that, at Tuklaty, in the Cesk^ Rrod district of Bohemia, a small 
quantity of cast iron of the Roman period was found at a smelting fur¬ 
nace. Rue this cast iron was only a rubbish product evidently formed by 
the furnace having been overheated. We then have the well-known cast 
iron ring (already mentioned on p, 74), from By£f Skila, north of Brno, 
and now in the Vienna museum. This Hallstatc ring, if it is indeed 
genuine, would be evidence of the highest value. Of even earlier date, 
although not from Europe, k the piece of cast iron found by T. Burton 
Brown in his excavations at Geoy Tepe in Persian Azerbaijan, belonging 
to the D period which (he excavator would consider to he late in the third 
millennium fi.e. The iron has been scientifically examined (Brown and 
Herbert, 1950) and has been shown to be white cast iron. It is to be 
regarded as the rubbish product of an overheated smelting furnace rather 
than an intentional product. 

Since the Hastings and Hockenhdm statuettes cannot be relied upon, 
and taking into consideration the other examples which we have dis¬ 
cussed, it is clear that the evidence for Roman cast iron in the Western 
World is decidedly slender. We have only the cast iron from Warrington 
and Tiddingion reported upon by Thomas May, and the cast iron ring 
from Ryci SBla, and it mav not be too safe altogether to rely upon this 
isolated find. Dr. R. Planer has kindly informed me that the find com¬ 
plex from Byii SkSh may correctly be ascribed to the sixth, or to the 
beginning ol the fifth, century e.c,, and classified as of Horikov type (or 
better as of Podolt type), of the south Moravian flallstatt group; How¬ 
ever, m Dr, I'lcmcrs view, the circumstances of the actual finding of the 
ring are not certain. Other cast irons reported appear merely to be the 
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chance products of overheated smelting furnaces and therefore do not 
furnish evidence for the intentional production of iron as 3 cast material. 

Again, it is suggestive that Dr. Otto Johannsen (1954, pp. 21—ay) in 
his monumental work upon the history of iron does not appear to con¬ 
sider the possibility of Roman cast iron as of importance, nor does he 
mention Roman statuettes or other cast-iron objects of archaeological I y 
proved contest. From the evidence at present available to us, we can only 
say that cast iron apparently sometimes was made during Roman times, 
but that it was extremely rare, and of no importance to the iron industry 
until many centuries had elapsed, 

CAST IRON IN CHINA 

In China cast iron occupies a special place, and one of very consider¬ 
able importance. Professor J. Need ham, F.R.S., has very kindly fur¬ 
nished us with advance information and references from Science and 
Chnlhamn in China. In Professor Needham's view, it is generally agreed 
thar iron came relatively late to Cliina. No one would put it before the 
eighth century b.c. and the general view among western sinologists has 
been that the first reference to the metal h of 51 2 b.c, when a legal code 
was inscribed on cauldrons made of iron (Couvreur, tr. of Tso Chuan t 
vol. iii, p. +56). The strange conclusion emerges that the Chinese could 
cast iron almost as soon as they knew of it, for the technical term used 
(chu) means unmistakably that. Some argue that the word h a misreading, 
but others strongly disagree. If the Tjo Chnan reference is laid aside, the 
next reference is probably that in Mcnaui (Legge, tr., p. 124), i.c, late 
fourth century b.c., where again a word (yr^) s having definite implication 
of casting and pouring liquid metal is used. After that comes considerable 
evidence. Professor Needham has drawings of late Chou cast-iron agri¬ 
cultural tools which were excavated from tombs at Huihsicn. If these tools 
realty are of cast iron, which Professor N ccdham thinks possible, they ante¬ 
date the Han iron dating from about a.o, 200 and described by Laufer. 

When one comes to the Northern Wei period iron statues become 
plentiful; some arc dated from the fourth to sixth centuries a.d. In later 
times great skill and ability were shown by the Chinese in iron castings 
of enormous size. What must be the earliest example of the use of cast 
iron as a building material is a most original application of the metal to 
pagodas. From Professor Needham we have the following special note on 
cast-iron pagodas: 

A remarkable development of pagoda building was that which made them of 


79 


THE EARLIEST SMELTED IRON AND CAST IRON IN ANTIQUITY 

cast iron, or more often of bronze. The oldest existing iron pagoda, at Yti 
Chh&an Ssu at Tangyang In Hupei, which dates from -f to6i, is of very con¬ 
siderable size, being 70 feet high and having thirteen storeys. It is said to weigh 
! 06,000 pounds. Another smaller one of nine storeys is at Ran Lu Ssu at 
Chenchiang in Chiangsu. Local tradition dates it from the time of Li TS-Yu, 
the famous geographer and minister of State (*t* 7 S7/ -r- 849), who founded the 
temple, but more probably it was set up by Phci Chhfl (+1078/ +1086). 
Yet another, at Chhurtg Hsueh Ssu at Tsining (Shantung), has eleven storeys. 
Smaller ones in bronze are quite numerous. 

Professor T. T. Road ([937* PP- 30-34) mentions a very large iron 
casting of a lion standing in the yard of the Kai-Yuan monastery, 
'IVang-chou. This enormous hollow easting Is about 30 feet high arid 
16 feet long. The metal walk vary from i§ in. to 8 in. in thickness. It is 
made in otic piece by pouring small sections of it at a time and the weak 
joints between the sections arc quite evident. Such weakness would not 
greatly matter in the case of a religious art statue of this nature for it 
would not have to be moved, and therefore mechanical strength would 
not be an important consideration. Read says that there can be no doubt 
as to the date of this casting, a.d. 953, since, like a modern bridge or 
public building, the date was placed on it when it was made. In this 
connexion we may note that Read (op. cit., p. 31), says that: 

In the course of a recent visit to China search was made for smaller and earlier 
iron eastings which bore an inscription shewing the precise date at which they 
were made, and a number were discovered; some bearing dates as early as 
500 a.d. As might have been expected, these were mostly of a religious character 
since any ordinary object would be likely to be broken dp and rcmelted when it 
became old and obsolete. 

No iron casting bearing a date earlier than a.d, 500 came to Read's 
notice, with the exception of one which he considered as spurious. With¬ 
out due investigation it is dear that a date cast upon the object cannot 
always be accepted as genuine, particularly in the case of ’the smaller 
castings. As Read considered one such date to be spurious, there mav 
well be others of a like nature. 1 

In an earlier paper, Professor Read { 193 4, p. 547) refers to the follow¬ 
ing iron castings: 

.Ar Pingimgchow, Shansi, there is a large cast iron bell, which is dated 1079 
a.T). At Chm-ssu, to miles south-west of Taiyuanfu, Shansi, there is .in iron 
statue, larger than life-size, which is dated by the inscription on it as having been 
cast in the year 1097 a.d. Four similar statues at a temple at Teneftnzhskn 
Honan, are definitely dated 1213 a.o. In the 'Thousand ituddha Hall' of the 
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Hsuan-chuog-ssu, about thirty miles south-west of Tatguimfu, there were in 
1920, two hundred and twenty-live cast iron Buddhas, each about 30 inches tall. 
A stone in the wall of the hall gives the date 823 a.d. but B. Tokiwa (1926, 
pp. 2-3) thinks from their appearance that the statues were cast in 960—! 127 
A„t>. In the same temple there is a stele that says, inter alia, that a man named 
Chan donated an iron statue of Maitrcym to the temple in 738 a.d. 

In the prehistoric period in Chino, it is difficult to be certain of the 
authenticity of cast iron. \Yc may cite the famous Chinese iron stove 
which some have mentioned as 'probably the oldest cast-iron object still 
extant'. The stove is not archaco logically attested; Laufcr (1917, pp. 79- 
80; pi. ii) obtained It from a dealer who stated that it came from a Han 
grave. However, La lifer did not see die grave and said himself that, 
while there is probability in assigning such cast-iron objects to the Later 
Han (a.d. 25-220), it is equally justifiable to extend the time of their 
manufacture over the entire third century of our own era. On such evi¬ 
dence, one can hardly accept the lower dating and, in view of its decidedly 
sophisticated appearance, may not such stoves belong to a far more recent 
period than that put forward by Laufcr? 

In igto Professor Read (1954, pp. 55°-*) visited the iron district of 
Pingtingchow, Shansi, to observe metallurgical methods and to collect 
specimens. He found that iron castings were being produced by the 
ancient methods. Tlic iron ore was mixed with coal and reduced by a 
crucible process in a natural-draught furnace, the product being a spongy 
bloom of wrought iron, and many smaller particles of iron. The malleable 
bloom was worked up into the usual objects of wrought iron; the smaller 
pieces of iron were again packed into crucibles with Shansi coal, and 
converted to cast iron in a forced-draught lumace. Read noted that the 
iron ore used contained only I to 1 per cent, of phosphorus. I he cast 
iron made from such an ore in the ordinary way would not contain over 
1 per cent, of phosphorus, but the finished castings contained from 5 to 
7 per cent. The additional phosphorus can only have been taken up from 
the Shansi coal used in the crucible process, and by an additive which the 
workmen called hei-tu, which was associated with the coal and contained 
crystals ofvivianite (iron phosphate). 

Iron containing phosphorus tit the tegion of 7 per cent, would melt at 
980 to i,ooo 0 C., that is, at an even lower temperature than that required 
to melt copper. If the early Chinese iron founders used the technique 
observed by Read in 1910, we have a good explanation of why they 
were able to cast in iron with apparent case. According to Read the few 
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analyses of early Chinese cast iron do not show a high phosphorus con¬ 
tent, so that the answer may lie rather in the low sulphur content of the 
Shansi coal which would render it a suitable fuel for smelting. Sulphur 
in the fuel is extremely harmful, and in England it was not until the 
eighteenth century a.d., when it was learned how to coke the coal, that 
this fuel replaced charcoal in the smelting furnace. 

Concerning the composition and structure of ancient Chinese iron 
castings. Pinch Read, and Wright (1938, pp. 174 if.) examined the 
following sped mens: 

(1} 502 a.p. Two recumbent lions, 26 lbs. each. Date cast on. 

(а) 50ft a.d. Two Ink slabs, 4I lbs. each. Date cast on. 

( 3 j 55 ° a.». Kwan Yin (Goddess of Mercy), 50 Jb. Date cast on. 

(4a) 55B x\.n, Kw:m Yin. 16 lbs. Date cast on. 

(4b) 719 a.i>. Panel showing Buddha and two attendants, 52 lbs. Not analysed. 
(5) 923 a.d. Two panels with Buddhist figures, 25 lbs. Date cast on. One 
analysed, 

(б) 953 A.D. 20 x 16 foot lion, 

(7) T °93 A * n * One of 1024 cast iron panels. ~1 in. x 7 i in. 6 lbs. From a 

pagoda. 

(8) Flying scissors 1 ? 300 a.d. 

(9) Stove. ? 200 a.d. 

Numbers 1 to 4a, 4b, and 5 have dates, even to months and days, cast 
on them. It appears that these pieces were bought by Read from a dealer 
in Nanking for so low a price that no one could have made them for profit 
as copies of originals. It is interesting to note that the metallographic 
study showed a wide diversity of structure, white, grey, and mottled 
irons, with relatively low phosphorus contents. Castings 1 to 5 were of 
grey iron, numbers 1 and a having a pcarlitic structure, and the others 
containing ferrite in various amounts. Numbers 6 to 9 were white or 
mottled cast irons, numbers 6 and 9 being somewhat similar except for 
the presence of some mottled iron areas in number 6. Whereas the latter 
were hypcrcutcctic, number 7 was definitely hypoeutccric. Number 8 
was a mottled iron structurally betw een grey and white irons. Numbers 
[ to ; of grey iron were cast in sand moulds which, if their dating is 
reliable, furnish an early example of the use of sand moulding; the 
variations in the structure and analyses of each of the castings tend to 
confirm their authenticity, but naturally cannot be taken as proof of the 
dating put forward. 

To the western metallurgist of today, the idea of such early production 
and utilization of cast iron by the Chinese is indeed strange and only to 
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be accounted for by special conditions of fuel, ore, and smelting. These 
conditions we have already remarked upon. Again, as Professor Needham 
has pointed out, a factor which must greatly have helped in the success of 
the conversion process is the antiquity in China of the double-acting 



FiO. 4. Double-aciing piuton bc*x*btllnw* fri>xn the TibtfoCliUK^ border, CdL by Sir A, J|u4jc f 
Pr«. by Lady Hum£ p 19J4- Pitt Riven Muittim. 


Withdrawing ibe plunger decr^Ks the pfaiuft m valve ^ ihiii illowing the left*hand ride of the 
thmbsr to fill with lii; m the mme rime (he iif id the nglit-knJ rids nf Hie chunbct ;i cwnpewd 
tod forced thnmgli the air iansd € ^hich containi 1 tomtit A TLrii aiitonsatkinliy iwiup to the 
left tlfowmg the tir to p&u out of the mouth £- . 

&e**SKng the direction of the pilfer cau«i ymIk B to thin allowing ihe ntfiMund ndc 
of the chamber tq refill with ait, The air in the kft-hittd iwk of the dumber k comprewd *nd 
forced through the air tunnel C Tk< tongue now- *wbji to the right P allowing *if to flow again 
through the mouth E- 

If this ofciHiting tnoriem k maincaincd, an almoit c^fttlant promt of (ir it obtained. 


piston bellows which give a continuous blast (Pig- 4)» and so would ren¬ 
der the attainment of high furnace temperatures a relatively easy matter. 
Professor Needham’s recent findings concerning the ancient and mediae¬ 
val Chinese iron and steel industry arc of extreme interest and impor¬ 
tance. We have been favoured by "the Professor with the following brief 
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THE EARLIEST SMELTED IRON AND CAST IRON IN ANTIQUITY 

rcsumd of his research, the full account of which will m due course be 
published in Science ami Civilisation in China, vols, 6 and 7, now in course 
of production by the Cambridge University Press, 

(- 4 ) In China iron seems to have been known only from the 6th century a.c. 
onwards. Presumably the first product was bloom wrought iron, in 'Catalan* 
Style, 

(iS) Cast iron appears from the 2nd century a.c. onwards, probably made bv a 
crucible process. Factors connected with this early appearance probably 
were: 

0 ?) High phosphorus ores, or the addition of small amounts of high phos¬ 
phorus minerals. 

(if) Availability of good refractory clays. 

(c) Coal, used from at least the 4th century a.d. onwards, perhaps lone 
before (permitting a very hot pile, the sulphur being excluded by the 
crucibles). 

(if) The double-acting piston bellows from the 2nd century B.c. onwards, 
certainly in the 3rd century a.d. made of bronze with iron tuyeres. 

(e) Application of water power to these as early as the ist century a.d. 

(C) Steel was produced, presumably by cementation, in Chou and Chhin (i.e, 
before the Han dynasty, starting in the 2nd century ti.c,), from the blooms, 
and probably later from wrought iron puddled from cast iron. 

(D) From the 5th century a.d. onwards at least, the Chinese made steel bv co¬ 
fusion of cast with wrought iron, almost certainly by a crucible process, 

(E) From the 5th century a.d. onwards at least, they were also able to make steel 
by heating and forging lumps of cast iron between faggots of wrought iron. 

(F) Bv the j ith century A.ti. at least, they made another class of steel by direct 
cold-blast decar burisarion of cast iron, forging with air-stream till no further 
decrease in weight. As this steel was preferred, its carbon content was per¬ 
haps more uni form. 

(G) In addition, some Woota steel seems to have been imported from India from 
about the $th century onwards. 

(ff) 1 he forging together of hard and soft steels to make weapon blades seems 
to have begun in the 3rd century a.d. in China, and to have been trans¬ 
mitted in the 7th century a. o, to the Japanese, who in later times brought it 
to a great art. 

To sum up, it seems doubtful that cast Iron in China is so early in 
origin as sonic authorities would consider to be the case. However, it 
appears possible that the Chinese made serious use of cast iron from 
around a.d. ^qo, and established what may almost be called a heavy 
industry by a.d. 1000, in which case they would have been far in 
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advance of the Western World where cast iron was not widely or seriously 
used in any form prior to the fifteenth century a*d, Also, if wc may 
accept the dating put forward for the Kai-Yuan lion, and the Yu Chhuan 
Ssu pagoda, the Chinese were the first people in the world to produce 
heavy iron castings on what may well be called an extensive, and even 
commercial, scale. 
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FURNACES AND FUELS 


TttK SMELTING FPKSACE 

T o follow the evolution of the irorwsmclting furnace is a difficult 
matter First, the number of iron furnaces which have been found 
and excavated is not very great; also it is exceedingly unfortunate 
that evidence from the Ancient Near East is scarce and far from satis¬ 
factory. No doubt the Near East contains the cradle of the earliest iron 
working and a type series of smelting furnaces from these lands would he 
of the highest value. Unfortunately, so far such evidence is lacking. 
Another difficulty is that the fairly numerous furnaces found in Europe 
seem, according to the published reports, to represent a confusing num¬ 
ber of types. It is unusual for a furnace to be found by the excavator in 
good condition, and all too often the upper portion is entirely missing. 
Under such conditions it Is extremely difficult for an archaeologist to 
attempt any reconstruction of the furnace type unless he has guidance 
from an expert upon early furnaces. Even advice from a practical foundry 
man would have prevented some of the misleading, and even absurd, 
theories and reconstructions from which European furnaces have suffered 
much in the past. Further research will be required before we cun present 
a clear picture of furnace evolution from the simple bloomery hearth up 
to quite advanced mediaeval designs. The most simple and primitive fur¬ 
nace is, of course, the bonfire. We need not consider this simple device 
for, although it may well be possible to smelt such an ore as vassitcrite, 
the tin ore, in a simple bonfire built at ground level, because the reduc¬ 
tion process requires but low temperature, such a furnace would not be 
applicable to iron smelting where a much higher temperature, combined 
with control of the atmospheric and other conditions in the furnace, is 
required. 

It is natural to consider that the original iron-smelting furnace was of 
a simple nature, but before we can lie certain of this we require dated 
examples of furnaces which may safely be ascribed to the earliest phases 
ot iron smelting. A further complication arises from the fact that in many 
regions there must have been a long tradition of copper smelting behind 
that of iron working. Hence, the iron smelter may well have had the 
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advantage of a series of sophisticated coppcr-$mdting furnaces behind 
him. We may here quote Professor R. J. Forbes's remarks ( 1 950, pp. 
405-6); 

The beginnings of the iron industry arc still very dark from the technical point 
of view. All we can say is that the earliest bloom erics must have consisted of very 
simple day-lined pot-howl furnaces or simple bloomery fires (Rennfeuer) both 
worked with blast air and smelting ores of the limonite and ochre type or 
weathered haematite, Wc have seen that these simple furnaces developed into 
the peculiar shaft furnaces called ‘StQckofen 1 by the way of the Catalan hearth, 
and how these Stfickofcn permitted the smelting of ores of the haematite and 
magnetite type. But the early iron industry will remain dark as long as the history 
of the smelting furnace is not known better in detail. 

There is little point in trying to work out an elaborate scries of furnace 
types which can only be based upon vague and often unreliable theories 
and reconstructions. Until much more excavation and research have been 
carried out it is wise to confine ourselves to major groups which are 
founded on good evidence. There appear to be three well-established 
types of early iron-smelting furnaces: 

(a) The simple bowl furnace. 

(#) The Domed furnace (sometimes called the Pot furnace). 

(r) The Shaft furnace. 

Again, there is a major distinction between furnaces worked with the 
aid of a forced draught, and those which rely upon natural draught 
alone. It by no means follows that the use of bellows to provide a forced 
draught in the iron-smelting furnace indicates a higher technique. While 
bcllows-blown furnaces were used at a very early date, around 1 500 fee., 
in Egypt, there is evidence to indicate iba: some form of bellows and 
air-blast was known in Mesopotamia as early as the middle of die third mil¬ 
lennium u.c. (Coghlati 1951, p, 69). On the other hand, natural- 
draught furnaces were used in the prehistoric Iron Age of Europe, in the 
Middle Ages, and even later. In some cases it is easy to tell if a given 
iurnaec belongs to the forced, or natural-draught, type. In built-in 
furnaces, such as those of Sieged and, where there was but one entry—the 
wind passage—natural draught was relied upon. On the other hand, fur¬ 
naces f.uch as those of Einzingen. and Tarxdori certainly used forced 
draught. It is not so easy to determine the question when the furnace 
excavated is in bad condition, or when sufficient oi the furnace does not 
remain to allow of an accurate reconstruction. Here, it may be possible 
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by lamina lion of the slag to estimate whether it belongs to a hlowm- 
or a natural-draught furnace. Again, when tuyires of baked clay arc 
found in association with the furnace, there is strong evidence for the use 
of a bellows and air-blast. It must, however, be remembered that (as in 
tile case of some modem primitive African furnaces), a number of day 
rubes spaced round the low er part of the furnace may be used to provide, 
or to regulate, a natural draught. Conical tubes or tuyeres point to the 
use of the bellows rather than do cylindrical ones. Also, cylindrical tubes 
which are long enough to pass through the wall and lining of European 
furnaces do not, as yet, appear to have been recorded. 

For iron smelting the bowl lurnace was simple and widely used. As the 
name indicates, it consisted of a howl-shaped hole in the ground, lined 
with clay which baked to a bard and fairly smooth surface. Artificial 
draught would appear to be necessary with this type of furnace and was 
probably provided by means of a bellows and blast-nozzle or tuyere. The 
charge of fuel and ore would be built up in the form of a cone, or dome, 
above the level of the top of the bowl, while the pipe leading from the 
bellows to the blast nozzle would pass over the rim of the bowl as indi¬ 
cated by Neuburger (1930, fig. 23) for the Kordofan bloomeries, It is 
by no mean® certain that this somewhat awkward arrangement of leading 
in the blast air over the rim of the bowl was the method most generally 
employed; the air-supplv could have been introduced at a lower level with 
advantage. It is also doubtful whether means for tapping the slag were 
used in connexion with the early bowl furnaces. The bowl furnace was 
not an efficient one; there would be a very serious loss of heat from the 
open top of the fire, and there must also have been a very considerable 
loss of iron to the uncontrolled slag, but the simple bow l bad a very long 
life and seems to have lasted on from prehistoric times into the Middle 
Ages. It is also known from modai primitive contexts. Again, it is early 
known in Egyptian paintings, and Oliver Davies (1935* p. 43) quotes 
various known Ends in Europe. Professor Gowland stated that the howl 
furnace was associated with Roman pottery in the tin workings of 
Cornwall (1899, p. 299). At Hiittenberg in Austria, interesting instal¬ 
lations of bowl furnaces set in a stone pavement were discovered (Weicrs- 
hausen *939 p. 157). The installations were in pairs (Fig. 5, after 
Wcicrshauscn Abb. 42), and it was thought that one of the bowls was 
used to roast the ore prior to the smelting operation in the other. It is not 
certain that a roasting process was, in fact, in operation at Huttcnberg. 
The second furnace may equally have been used for reheating to refine 
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the bloom after smelting. Evidence is lacking to show the method adopted 
for the necessary air-blast, and no passage which would have served to tap 
the dag was reported by the excavator. 



I'm. 5 . Bowl furBwi at JiUTtenberg in Auttru (WcicnhdU*fl KJI 9 . Abb. 4 ;). 


Section A-A 
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THE DOMED FtJKNACE 

Wc may now consider that very important type, the domed furnace. 
Such furnaces have sometimes been called ‘Pot’ furnaces, but in the 
author’s opinion ‘Domed’ b the better term since a pot may take many 
forms but a dome remains a dome. The type may tjuite possibly be a 
variant of, and developed from, the bowl furnace, but it may also owe its 
origin to the pottery furnace, for domed pottery kilns were in being long 
before the dawn of the Iron Age. I he major constructional feature, the 
dome, may well have been borrowed from the older pottery kiln. In 
construction the furnace is simple; the circular hearth may be Hat or 
hollowed to a dish-like form. Smelting is carried out in the domed 
chamber above the hearth, with a central chimney to carry off the 
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products of combustion. These furnaces may be built-in on the side of a 
hill, or they may be free standing. In general, the domed furnace of 
the European Iron Age relied upon natural draught. 

Excellent examples of Iron Age domed furnaces for iron smelting were 
discovered from 1930 onwards in Gosenbach, Kr. Siegcn, south West¬ 
phalia (Stiercn 1935* pp. 12—20). The Siegcrland finds revealed the 
existence of an important iron-smelting industry; in all, some ninety 
pre-Roman skg heaps and smelting sites were recorded. The pre-Roman 
tumaccs belonged to the La Tfene period of the Iron Age and were late 
rather than early in the period. They had dearly a very considerable 
tradition behind them. Furnaces huik into the side of a slope and free- 
standing furnaces were found. The free-standing ones were in genera! 
similar to the built-in type, but the wind passage was omitted as air could 
enter all round, a number of wind or draught holes being provided 
round the base of the furnace. A reconstruction due to Krasa is given in 
Fig, 6 (from Weiershausen Abb. 2). Furnace number E. 25 in the Engs- 
hachtal was in such good preservation that a complete reconstruction was 
possible. Both built-in and free-standing furnaces appear to have been in 
use at the same time. In the Engsbaehtal furnaces the dome was roughly 
t metre in diameter and 1 metre in height, the dome had a low chimney 
for charging and escape of the combustion gases, and air was supplied by 
means of a tunnel or wind passage. The body of the furnace was built of 
day and sometimes the floor of the hearth was of flat stones. In furnace 
E. a5 the wind passage was about 2 metres long and of square section, 
30 to 40 cm. inside. Stone slabs were used to line the passage, A most 
interesting feature of these furnaces h that the wind passage is provided 
with nozzles or tuyeres at the hearth end, one to three nozzles of from 6 
to 8 cm. in diameter being used. Natural draught must have been relied 
upon for the operation of the furnace and it was evidently realized that, 
when a good wind was blowing into the wind passage, the velocity of the 
air could be much increased by the provision of tuyeres, so obtaining a 
more intense beat in the furnace. In other words, the smelter combined 
natural draught with the principle of the bellows. 

In recent years a most important work has been accomplished by 
Weiershausen (1939), who has studied what is known of the European 
furnaces, and has shown where certain reconstructions and theories can¬ 
not be accepted from the technical point of view. We may now notice 
some of the more important furnaces dealt with in his work. An important 
furnace, because sufficient rem ains were found to permit a rcconstruc- 
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don, is that of Aalbuch, about t kilometre to the south of Tauchenweilcr, 
in Wiimcmbcrg, south Germany (Fig. 7 after Weiershausen Abb. 12). 
The furnace is of large size and is unusual in that it may have been built 
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PiGp 7* The Adbuth fbnuee (Wr_irrduiue> 4939, Abb K n)_ 


into a round barrow. Unfortunately dating material was absent, but it 
seems a typical La Tfcnc furnace, and should belong to that period. The 
mound which contains the furnace is 8*5 m. in diameter, and 1-7 m in 
height (Weiershausen 1939, pp . 66-69). The furnace was carefully 
budt, a circular stone door being laid down, and upon this was built a 
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stone ring-wall to a height of approximately 25 cm. The circular hearth 
was i'7 m- in diameter. The furnace dome dosed in from above the 
stone ring-wall to the usual contracted chimney or smoke opening. The 
smelting was carried out under natural draught, for which a westward- 
pointing combined slag and wind passage was provided. This passage 
apparently ended at the furnace-hearth with nozzles or tuyeres as in the 
Siegen furnaces. The AaJhuch furnace is important as an example of an 
Iron Age furnace of considerable size operated under natural draught. 
The arrangements for withdrawing the bloom arc not clear, 'llie nozzles 
or tuyeres may have been broken-out or otherwise removed after each 
smelt, but it cannot have been easy (if indeed possible) to withdraw the 
bloom and make good the nozzles in the small and lengthy wind passage 
shown in the reconstruction. 1 n this case, we should be strongly inclined 
to the view that there must have been some other means of access to the 
furnace hearth, or that the wind passage must have been of larger dimen¬ 
sions than indicated by the reconstruction. 

As an example of how easily confusion in furnace typology may arise, 
the furnaces of Tarxdorf, in Silesia, cast Germany, may be mentioned 
with advantage (Weiershausen 1939, pp. 97 ~ iQ +i^ 8 ^ 0 * I hese fur¬ 
naces, of which there were apparently a great number, arc very difficult 
to explain. The reconstructions put forward by Krause, Giebelcr, and^ 
Humperdinck do not agree in all respects, t Inly the bottom portion of 
the furnaces which was below the present ground level was found, and 
it appears decidedly questionable if an upper part ever existed. I he de¬ 
scriptions of the above mentioned authors would indicate the production 
of cast iron which is certainly incorrect. 1 he date of the V arxdorf fur¬ 
naces docs not appear to be well defined, although Hallstatt pottery was 
found. Bog-iron ore seems to have been smelted, and according toW cicr-s- 
hausen there is no need to consider that there was any upper part to these 
furnaces. Nothing of the sort was, in fact, found. It is more likely that 
the furnaces were of the free-standing bloomcry type with a combined 
wind and slag passage, and that they would have produced the normal 
wrought iron. Krause and Giebelcr have surrounded the rarxdnrf fur¬ 
naces with complex theories which are technically impossible. Ueiers- 
hausen's view that the furnaces are quite ordinary bloomcry tines would 
appear, in the light of his technical explanation, to be acceptable and in 
all probability correct. Before the Tarxdorf furnace cm be brought into 
their correct typological place there is need for further examination and 
report by an expert technologist. 
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A well-preserved iron furnace of pre-Roman date was excavated at 
Krampniss in east German y, by Bestchorn (Weiersbausen 193 9, pp. 123— 
33, and Figs. 31, 32). An important feature was that the iron working 
was carried out through the use of two furnaces, No. t, which Bestehorn 
termed a reverberatory furnace {jianwiofttt), and No. 2, a crucible furnace 
{Tiegtlgntde oder Titgtlichmelz). The so-called Jiammnfen is of great 
interest and quite advanced construction. Steps led down to a stokehold 
and firebox, and the firebox communicated by means of a duct with a 
domed chamber like that of the conventional domed smelting furnace. 
Hence, the furnace consisted of two separate chambers, but in each 
chamber a charcoal fire was operated. The so-called crucible furnace, 
No. 2, was considered by Bestchorn to be a pit in the ground containing 
a charcoal fire upon which the crucible was placed. According to him the 
operation of the complex was that an impure bloom of iron was produced 
in the domed smelting chamber of the fiammofcR No. i, this bloom was 
next submitted to a crucible process (but not to crucible smelting), in 
the crucible Furnace No. 2, For this purpose the bloom was placed along 
with charcoal in a clay crucible which was heated over a charcoal fire in 
the crucible furnace until the iron was refined and rendered of forgeable 
quality. During the process the iron would absorb carbon. 

Weiersbausen does not agree with this sequence and thinks that the 
so-called crucible furnace was in reality a forced-draught smelting fur¬ 
nace in which the iron was actually produced. He considers that there is 
no evidence to prove that a crucible existed, and that the pieces of the 
alleged crucible which was found w ere merely broken pieces of the inner 
lining of the smelting furnace. In the jtamm<tfen x No. i t Weiersbausen 
would see a furnace for converting the iron bloom into steel, or semi- 
steel. If correct, this is most important, for it gives us an example of a 
special furnace used for the conversion of wrought iron at an early period. 
It is not correct to term the conversion furnace a Jlammoftn , or reverbera¬ 
tory furnace, because fuel was burnt in both chambers, and the same 
chimney draught applies to each. The firebox is really a pre-heating 
chamber, the charcoal fire in which was for pre-heating the charge and 
walls of the second or domed chamber which contained the wrought-iron 
bloom to be refined, and a second charcoal fire. In such early furnaces 
pre-healing of this nature would be most desirable, and possibly necessary 
in order to attain the temperature required to ensure an adequate increase 
in the carbon content of the iron under treatment. Pre-heating is, of 
course, a very common technique with the modern furnace. It also seems 
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to have been known and used in some peasant smelting furnaces of the 
.Middle Ages in Germany, Wdershaueen’s theory appears to rest on a 
sound technical base. If the jlammofen was merely a smelting furnace as 
thought by Ikstehorn, there is no need for its elaborate design in view 
of the early dating of the furnace. On the other hand, as a refining or 
steeling furnace, the reason for its construction at once becomes dear. 



Fie, fi. Tbs jura Tjpe Uiifi fernue (Ctighlan Fig, 6), 


THE SHAFT FURNACE 

With the shaft orjura type of furnace we come to a well-developed and 
important type. In its developed form the construction resembles a 
chimney shaft lined with baked clay with a wind passage leading into the 
bottom of the shaft (Fig. 8, Jura type). Such furnaces can be worked with 
natural draught. In the Jura furnaces the wind and slag passage is com¬ 
bined. Also, the bloom would have to be removed through this 
passage. Fuel and ore could be charged down the chimney while the 
furnace was in blast so that something like continuous operation may 
have been possible. In the shaft furnace we see the idea of the modem 
furnace, but unlike a modern coke-burning installation, the primitive 
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shaft furnace was limited in height by the nature of the fuel used, for 
charcoal fuel is not sufficiently hard to withstand heavy loads of ore such 
as occur when the furnace height rises beyond some 15 to 20 feet. As 
well as in the Jura, shaft furnaces have been found at Mi tier berg and 
Velern St. Veit (von Miskc 1929, p. 8i). According to Oliver Davies 
shaft furnaces were apparently used at H. Sosti (Siphnos), in the sixth 
century b.c., and were in regular use at Laurium and in Etruria, while 
in Roman times the shaft furnace had become known in most provinces. 
The distribution of the type became wide and it had a long life (Davies 
* 935 » PP* 44 - 48 )* 

We may obtain some idea of the capacity of and mode of working these 
furnaces by analogy with the modern primitive shaft furnace from 
Burma which is mentioned by GiUes (1936, p, 256, Abb. 4). This 
furnace was over 10 feet in height and depended for its action upon 
natural draught alone, in the Burmese furnace the short but large wind 
passage terminated in no less than twenty tuyfcrc tubes, each of 5 cm. in 
diameter. The furnace charge comprised about 2to Kg. of ore, and 
219 Kg. of charcoal. After eight or nine hours the slag was tapped, and 
then tapping of the slag was carried out at intervals. After twenty-four 
hours an opening was made in the bottom of the furnace, and the smelted 
bloom of iron, weighing some 45 Kg., removed. With this, it is of interest 
to compare Richardson's (1954, p. 576) estimation of the yield of the 
smaller iron furnaces. He says; 

Like its copper smelting prototype, the Hal Is tot t furnace would be a shallow 
excavation, about two feet square and deep, lined with rcfactory clay. But where 
this excavation had formerly comprised the entire unit it was now merely the 
hearth; the smelting chamber proper rose above the ground to a height of two 
to three feet. Its inner wall, banked with sod, was enclosed by a rough stone 
facing, possibly twelve inches square at the top. This chamber gradually widened 
to twice that dimension at the hearth, into which a free-flowing stream of air was 
admitted through an opening pointed into the wind. Furnaces of this type might 
conceivably produce in eight to ten hours a semi-fused mass of iron weighing 
fifty pounds. In this operation alone approximately two hundred pounds of 
charcoal would have been consumed, while subsequent heating and working 
required at least one fourth as much more. 

Of shaft furnaces, apart from those of the Jura type, (hat found at 
LdlUng, in Austria (Weicrt hausen 1939, pp. 161-2), is highly import 
cant, for it gives us a plan and section of a furnace which was recovered 
practically in its original condition (Fig. 9, after Wdcrshauscn’s Abb, 
44). I his is a shaft furnace, with a shaft 1-26 m. in height (possibly 
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Fic. 9. The LMiti| fhift tumace (Wdcnlmuscii 19591 Abb, +-[)* 


originally slightly higher ) f and 90 cm. internal diameter. I lie shaft was 
built up in dry stone walling and the whole surrounded by a rubble 
mound. Origmdty the shaft and furnace pit were lined with baked clay 
as an insulating material. At one side of the furnace is a passage through 
which the slag was tapped, and on the drawing this passage resembles a 
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Fh 3. ic. 1 he Eiacnbcrg shaft furnace (Weieftluuisen 39, Abb. 17). 


wind passage. However, it is clearly stated that this was a slag passage 
It is dear that the furnace was worked with forced draught provided by 
bellows, since tuyeres ol a graphitic pottery were found. It will be noted 
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that the slag-passage is inclined on the down-hill side of the furnace so 
that the slag can run down the passage by gravity, a feature which 
Weiershausen states that he has frequently noticed in furnaces belonging 
to die Middle Ages. The Lolling furnace appears to be undated. A fur¬ 
nace of somewhat similar design was found at Huttenberg in Austria 
(Weiershausen 1939, pp. 159—61, Abb, 43). 1 he Huttenberg II fur¬ 
nace goes back to Roman times, and it may even possibly be earlier. This 
type of shaft furnace was frequently used in the Middle Ages and indeed 
according to Weiershausen similar furnaces were still in use by the 
Lbllingcrt peasants for primitive smelting as late as the nineteenth cen¬ 
tury. The furnace was of relatively targe size, standing up to 6 feet in 
height, clay-lined, with stone retaining walls. After the smelting opera¬ 
tion, the bloom was removed through art aperture in the side of the shaft, 
the hole being luted with clay when smelting was in progress. Sometimes, 
at least, forced draught by means of bellows was employed. Some points 
about this furnace remain confused. For instance, there is no information 
given as to the means adopted to tap the slag from the furnace. 

At the Eisenberg, Pfalz, south Germany, were found rich remains of 
iron smelting dating to the Roman period. Part of a small shaft furnace 
(Eisenberg, No. 2) was found. A useful reconstruction of this is given by 
Weiershausen (1939, pp. 81—82). Such furnaces (Fig. to, after Weiers¬ 
hausen, Abb. 17) arc probably typical of the smaller free-standing iron- 
smelting furnaces of the Late Iron Age, or early Roman period. 1 he 
hearth is dished, and a dag passage leads away from its rim. At a slightly 
higher level a hole is provided through which artificial draught may be 
provided by a bellows. The shaft and hearth are lined in the usual manner. 

Although used for copper smelting, we must mention a most important 
discovery of an Etruscan shaft furnace. The discovery was made by an 
engineer, Lorenzo del Mancino, in 1934 ncar t he church of Fucinaia 
(Witter 1942./) Fortunately 1 enough of the furnace was preserved to 
enable a very valuable reconstruction to be made (Figs, i t—13 after 
Witter, Abb" 7-9). The brick-lined furnace shaft which formed the 
smelting chamber was i*8o m. internal diameter at its base. This shaft 
was separated from a lower chamber, or ashpit, by a door in which there 
were two rows of holes, 5 to 7 cm. in diameter. I his dividing floor was 
supported by a central pillar, and access to the ashpit was by a large 
passage as shown in Fig. 17 (Witter, Abb. 9), The charge of fuel and ore 
wilt have occupied the shaft in the usual manner, 1 here must also have 

* See also Siw^i £micAi t ii, 1937 , pp. 3 e >”+l* In ^ 3" 4* 5» ?■ 
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FURNACES AND FUELS 

been some passage in the shaft for the purpose of tapping slag when the 
furnace was in operation. No such passage was found, but it may have 
been above that part of the shaft which was recovered intact. Natural 
draught was used, and the air supply would have been by way of the 
lower chamber, or ashpit, and then through the perforated floor to the 
shaft. The similarity in construction with the early Near Eastern pottery 
kilns is most remarkable. A furnace with domed roof and central support¬ 
ing pillar was found at Arpachiyah in level TT8, while early pottery 
kilns with an ashpit and perforated dividing floor were found at Tcpe 
Sialk and Khafaje (Coghlan 1942, pp. 27-29, Fig. 3). 

VARIOUS FURNACES 

There arc a number of iron furnaces for which it would be unwise to 
attempt a cl ass ideation because in some cases only the ground plan has 
been recovered, and sometimes the excavator’s reconstruction cannot be 
regarded as reliable. Beck’s well-known reconstruction of the Dreimiibl- 
enborn furnace, near Saalburg, west Germany, can only be relied upon 
in respect of the hearth and slag passage winch were actually found by 
excavation. The reconstruction of the upper portion of the furnace is 
hypothetical; it is also possible that the furnace may belong to the Middle 
Ages, although Beck considered it to belong to the Roman period. The 
Epernay furnace in France has been illustrated in the past as an iron 
furnace. This furnace, which was built into the side of a hill, had one 
opening at the bottom and another of much the same size at the top. 
Such an arrangement would provide no effective draught and, whatever 
the purpose of the furnace, it seems dear that it would not serve for the 
smelting of iron ore, 

A well-known series of furnaces which form a distinct type, and may well 
be of early origin, is the Catalan furnace (Fig. 1 4 after Newton Friend, 
and also Forbes, 1950, Fig. Sia). The Catalan type is a pit furnace 
with an air blast introduced about half-way up the smelting cavity. The 
original distribution of the type was in Catalonia, and in the Arifcge in 
France. According to Forbes (1950, p. 390), these furnaces were still 
in use in northern Spain in the provinces of Navarra and Guizpuzcoa in 
the seventeenth century a.d.; however, in origin the type is unquestion¬ 
ably far more ancient. Another ancient furnace, although possibly not 
dating before the Middle Ages in Europe, is the Osmund furnace 
(Fig. 15 after Forbes, 1950, Fig. 8 tc). As the figure shows, this furnace 
is of unusual design. I ts distribution is a northern one, Finland, Sweden, 



Fie, 14 Tlsc C*Likn famine (tfier Newton Frknd f Forbci 1940* Fig. Hu). 
























furnaces and fuels 

ami Norway. We mention it here hccause it mav have led to the idea of 
the Stiickofen (Fig. i6 t Forbes 1950* Fig. 82). The Stilekofcn although 
late in date is a very important type, and in Professor t orbes's view these 
blooincry furnaces were worked in Candela, Carinthta, btyria, Hungary, 
&c. The furnace may be described as two Osmund furnaces, one in¬ 
verted over the other. In size they were up to 16 feet in height, and in 



Fic. 16. The ftNctafctt (ifier Newt** FrimJ, Forb« 1950, Fig. SiJ. 

the large sizes forced draught was furnished by means of bellows worked 
by water power. No doubt the Stiickofen was the prototype of our 
modem blast furnaces, for it is dear that although the normal function 
of the furnace was the production of a Stuck, or bloom of iron, the con¬ 
struction and height of shaft combined with a powerful atr blast would 
at times render the accidental production of cast iron likely. 

Concerning the furnaces used in Britain, it h unlikely that the shaft 
furnace was used until the Roman period, and then perhaps only in the 
less backward provinces. Again, it is interesting to remark that the 
Romans do not appear to have invented water-driven hammers, or bcl- 
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FURNACES AND FUELS 

lows worked by means of water power. Under these conditions it follows 
that the size of bloom which it was possible to work was limited by the 
power of die sledge hammer. In a great measure this accounts for the 
early practice of forging or welding together a number of blooms when 
large and heavy pieces of iron were required. Under the Romms it is 
certain that the iron industry greatly expanded in quantity and quality, 
but they do not seem greatly to have advanced the technique of the iron 
furnace. Records and dimensions of Romano-British furnaces may he 
found in May’s works to which we have already referred. Harold Dudley 
{1949, pp. ! 91 ff.) has recently given particulars of furnace and smelting 
sites in north-west Lincolnshire, and to various other authorities wc have 
already given references. 

Concerning primitive furnaces and iron smelting, a point of interest is 
the means adopted for the removal of the bloom and disposal of the slag. 
Here the evidence, when available, is often far from satisfactory. With 
small bowl furnaces the smelting process would not have been continuous, 
so that the furnace would have l>een extinguished, or, when of the con¬ 
tracted neck variety, even broken up, after the completion of each smelt. 
In such cases removal of the slag and iron of course would present no 
difficulty. With shaft and large domed furnaces the technique mast have 
been different. In some cases liquid slag will have left the furnace through 
the wind passage, and as technique improved separate passages would 
have been arranged for the better control and tapping of the slag. As wc 
have seen, it appears that in some of the larger furnaces the bloom was 
also removed through the wind passage. This cannot have been an easy 
or satisfactory method, and further evidence to throw light on this point 
is needed. A matter which we must remember is that the slag from pre¬ 
historic smelting must often have been far from liquid. Often it must 
have occurred when a suitable flux was not used that the slag would 
hardly liquefy, and would therefore remain in the furnace, from which 
it had to be removed when smelting was over. In some large furnaces 
this operation could have been carried out without much difficulty, but 
in some eases it w r ould appear that a part of the furnace wall would have 
had to be broken awav. 

m 

CRUCIBLES 

There is evidence to indicate that the crucible process was connected 
with relatively early iron working, and Oliver Davies (193 5, p. 5#) points 
out that at Rudie crucibles with six tuyfcrcs were found. So far as 1 can 
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discover there is no evidence from the West to show that actual crucible 
smelting was practised; the crucible process was always confined to the 
conversion of wrought iron into steel by cementation. In a closed crucible 
containing charcoal and sometimes other substances, small pieces of iron 
would be converted into steel, as in the well-known crucible processes of 
the East. However, the crucible process would give but a very small yield 
as a result of considerable labour. Probably it was only applied at a rela¬ 
tively late period when material of specially high quality was desired. 
Carburization in a separate refining furnace was of course one method of 
partial conversion to steel, but it was also possible to obtain a scmi-sicd 
from the normal iron-smelting furnace, especially if the furnace was pre¬ 
heated so that higher than normal temperatures were attained. A suitable 
ore (such as brown ironstone) would have been necessary, and more 
charcoal than usual would have to be included in the charge. Accurate 
control of the air-draught would also have been necessary in order to 
reduce the oxidizing effect of the air entering the smelting zone of the 
furnace. 

FUEL 

In eastern and southern parts of the Old World fuel for the smelting 
furnaces must often have been rather a problem. To a very great extent 
the quality of the fuel determines the temperature which can be attained 
in the metallurgical furnace, therefore the smelting and melting processes 
were dependent to a considerable degree upon the availability of a good 
and suitable fuel. There is no doubt that, for general metallurgical pur¬ 
poses, charcoal was the fuel ordinarily employed, although ordinary 
wood (not converted to charcoal) may have been used too. Forbes (1950, 
p. 105) states that samples of charcoal have been found in early dynastic 
tombs at Nag a cl-Heir, and in a first-dynasty tomb at Saqqarah. Many 
kinds of wood, birch, oak, hazel, beech, &c., may be burnt for charcoal, 
but for good charcoal a dose-grained wood containing the sap gives the 
best results. Mimosa, acacia, and tamarisk woods make good hot fires 
which may attain some 800 to 850” C. even without the application of 
an air blast. The normal process of charcoal burning by slow combustion 
in large heaps is well known, and can have varied but little from ancient 
to recent times. For those interested in the subject, a good account of 
the method of charcoal burning is given in St raker’s l*ook Wtaldtn Iron , 
in the chapter which treats of fuel. 

We know that charcoal was used from prehistoric times right through 
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to the seventeenth century, but it is rather remarkable to note how late 
its limited use as a fuel for smelting continued* In Great Britain the 
production of charcoal pig-iron from a.d. tSoo was solely Ln the hands 
of the Furness Ironmasters (Lord, 1945-7, p. 163)* and in J ®39 Davjd 
Mushct noted that the making of char coal pig-iron in Lancashire did not 
exceed 800 tons per annum. Again, in 1873 Hunt reported that the 
Newland furnace was operating with hot blast and a fuel mixture of 
four-fifths charcoal and one-fifth coke. In these cases, the limiting factor 
was the difficulty in obtaining the necessary charcoal in the large quantity 
required. Of even later date is the well-known Swedish charcoal iron 
which was produced in appreciable quantity (using birch wood for the 
charcoal fuel) certainly up to the outbreak of the Second World War. 

Mineral coal is not a suitable metallurgical fuel owing to the fact that 
it contains harmful impurities, especially sulphur. It was not until the 
late seventeenth and early eighteenth centuries a.d., when it was 
covered how to coke the coal and so to obtain a tine hard fuel tree from 
noxious substances, that coal became the ideal fuel for the smelting of 
iron ore. Concerning the use of coal as a metallurgical fuel, some remarks 
by M. jean Chevalier (1947-®, 1948-9. P- 6o ) are of imcrcst - Hc 
states; 

Ever since Simon Sturtevmt had suggested, in 1611, the substitution of pit 
coal for charcoal for the reduction of iron ore in the hlast furnace, metallurgists, 
when endeavouring to work the process, had always come up atpn»sit the im¬ 
possibility of preventing the coal from caking when burning in contact wu the 
ore. The mass of hot materia! formed a bridge or scaffold across t he furnace, 
preventing the descent of the charge above and also causing the iron previously 
reduced to be ‘burnt* by the blast. 

It is, however, quite certain that coal was used by the Romans lor domes¬ 
tic purposes, for There is evidence of finds of coal in the remains of 
Romano-Rritish villas. It would also appear that the use of coal for 
metallurgical purposes was not unknown to the Romans. Small frag¬ 
ments of mineral coal found in association with iron slug at 1 id ding ton 
indicated to May that coat was used for smelting in Roman times; he 
also found satisfactory evidence of the use of mineral coal on thirteen 
different sites (Ficldhouse, May* Wcllstood, 193 P* l 5 > May, 
p. 76). At Tiddington the cast'iron found vvas considered to have been 
melted with coal from an impure ore. At Warrington both eanncl coa 
and charcoal w'erc in use, the cannd coal for the ore-roasting furnaces, 
and possibly for the actual smelting, while churooal was used in the 
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refining hearths. As we have said, coal is not a satisfactory fuel for smelt¬ 
ing or refining, and its use by the Romans for such purposes must have 
been extremely limited. The results were no doubt unsatisfactory, but it 
is important to note that some use was made of coal so long before the 
discovery of coking. At Vclem St. Veit, Austria, a brown coal (lignite), 
was in early use to some extent. 


Chapter VI 

THE TOOLS OF THE IRON-SMITH 

T he iron-smith is concerned with forging, that is, the transformation 
of die metal into different shapes. Forging may be done in various 
ways, for instance, by beating out with hammers or special tools, 
by drawing down or jumping-up the metal, and by bending. Also, 
the welding process is frequently employed in the course of forging. The 
normal forging of iron is carried out at a good red heat, while in the 
welding process a higher temperature, known as a welding or white heat, 
is used. Forging of iron is quite a different technique from that of copper 
and must be carefully distinguished from it. In general, the basic differ¬ 
ence between the two techniques i$ that copper and bronze arc practically 
always worked in the cold state, and with the aid of frequent anneals. 
On the other hand, for all practical purposes iron must be worked at a 
red, or even higher, temperature. To a very limited extent iron and mild 
steel may be forged cold; the dosing of a cold steel rivet is a well-known 
example of cold forging. However, for general forging cold working is 
not practicable. Apart from the harder nature of the material, any con¬ 
siderable hammering would cause most irons to start cracking, and iron 
cannot be annealed to return it to its original soft condition with the same 
ease as copper (we may note that iron and steel may be "normalized’, but 
this is a delicate process and would not have had application in early 
times). Hence, it is a general rule that iron and steel arc always forged in 
a heated condition, and it is therefore dear that a fundamental difference 
between the iron- and copper-smiths work is that, as the copper-smith 
forges with his metal in the cold state he does not necessarily require 
holding tongs, while the iron-smith should possess efficient tongs to hold 
his red-hot iron firmly while it is being worked on the anvil. But 
efficient hinged tongs must have taken time to develop and the first iron- 
smiths no doubt had to work without them. 

Modern primitive cultures show us that decidedly simple, and indeed 
primitive, tools have been in use by native smiths even up to the present 
day. In an interesting article Dr. Jeffreys (1952, No. 75) gives some notes 
on the methods of the Bikotn (British Cameroon?) blacksmiths. These 
smiths use very simple tools. A granite block serves for the anvil, and 
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heavy granite hammers of about 35 lb. and 22 lb. are used to expel the 
slag and convert the smelted bloom to a pig, then roughly to shape the 
pig to the article required. The final shaping of the forging is done with 
granite hammers weighing about 15 lb. and 8 lb. respectively. It b im¬ 
portant to note that all these stone hammers are simply unhafted poun¬ 
ders, merely held in one or both hands. For finer work iron hammers arc 
used. In the course of the smelting operation Dr, Jeffreys says that the 
bloom was held with wooden tweezers or tongs which, although they 
had been soaked in water, burst into flames. Further evidence of iron 
working with stone hammers among the Tula of Nordicm Nigeria is 
given by William Fagg (1952, No. 76). Here, the forging was conducted 
with stone and iron hammers. Mr. Fagg remarks, 'The special advantages 
of the stone hammer would appear to tic in its great weight and mass, 
concentrated along a narrow line, and also no doubt in its low conducti¬ 
vity of heat.’ A *tonc anvil was also used by the Tula smith. Highly 
interesting was the use of a hollowed stone mould or matrix into which 
the hot iron was beaten with a heavy stone hammer so as to give it the 
desired form for the hoe being forged. As Mr. Fagg points out, we have 
here much the same technique as used with our modern drop forging 
and pressing machines, a modem repetition method which one would 
hardly associate with stone hammers and anvils! For the Southern Sudan, 
Garland and Bannister (1927, p. 107) give evidence for the use by native 
smiths of stone anvils, stone hammers, and green sticks which serve as 
primitive tongs. In the Pitt Rivers Museum, Oxford, there are many 
examples of such tools. In particular, there is a good example of black¬ 
smith’s bamboo tongs, 10J in. long, from the Konyak of Tobu Village, 
Nag a Hills, Assam (Coghlan 1951, fig. 14). 

What may be termed the basic tools of the jobbing blacksmith, even at 
the present time, arc not numerous or complex. Before considering early 
tools, it is useful to mention the major tools as used by a modem smith, 
but care must be taken to avoid the error of working backwards from 
modern tools. However* the student should be acquainted with the basic 
equipment of a modern jobbing blacksmith, and there are marked points 
of similarity between certain tools, ancient and modem. 

(i) The Forge 

A small blacksmith’s forge with its bellows is still a very simple appara¬ 
tus. The most elementary form in present-day use is the small portable or 
rivet forge, merely consisting of a circular iron tray on a stand which con- 
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tains the coke and objects to be heated. Underneath the tray is a hand- or 
foot-operated bellows which supplies air to a dry tuy ere, fixed in the side 
of the tray, for the provision of air-blast. The bellows of a small country 



Fir*. 17, Hkciiiuiih 1 ! forge of cut-iron wiih water-cooled tnyirc {lillkc 1949+ PL t). 
Average 4 It. end B ft,, high* 

forge may still he worked by band, but an advance over a really primitive 
forge is that the tuyfcre, or blast nozzle, is now practically always water- 
cooled. Also a brick or iron hood is now provided over the hearth to carry 
off the smoke and fumes fmm the fire (Fig. vj t after Litlico 1949, 

PL 1). 
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(li) Tht Anvil 

A substantial anvil with horn, or bick-iron, is an essential part of the 
smith's equipment. The top or working face of the anvil is usually pro¬ 
vided with one or more holes for the reception of auxiliary tools. The 
modern anvil is much heavier than its early prototype. An average anvil 
of wrought iron weighs up to some 3 cwt,, and has a hard-steel working 



Fie. 1 9 , Bbtbmiih't anvil, on cue-iron mounting block (Ultimo 1949, VI. S, Fig. a). 

Avenge weight, 5-3 cwt. 


face welded to the wro tight-iron body (Fig. 13 , after Lillico 194.9, PL 8, 
Fig. 2). 

(til) Hammtn 

In type these may be divided into sledge and hand, the sledge being, 
of course, a two-handed hammer. Modern smiths use sledges weighing 
from 6 lb. to 14 1 b, A number of band hammers arc required to suit 
various jobs. As a rule these do not exceed ii lb. to 2 lb. in weight. In 
this country the hand hammer is generally of the ball pcnc variety. When 
he is forging a square or rectangular section, the modem smith frequently 
uses a set-hammer. This tool is hafted and struck with a heavy hammer or 
sledge. Set-hammers are of two kinds, round- and square-edged. The 
round-edged hammer i$ used when working up to a radius, or fillet, on 
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the piece being forged, while the square-edged set is useful when a sharp 
comer, rather than a radius, is required. See Fig. 19 (Lillico 1949, 

Pi. *3» to. It). 



Fic + 19. Set-hjuuincn, lausd- ainl-w^uaic-cd gistl, 

‘Aithcir niflic ii$sniia tkyicl Jgr^inp 1 (Liilico 
1949, PL t |i Fig?., 10, t i), 

A-vtrsgc. 6 in. high? wdgKi k \ lb. uf more 

(iv) Tjwigr 

The smith must he provided with a good range of tongs in various 
sizes. Hinged flat-jawed tongs are an essential, also pinccr-ltke tongs for 
holding round stock. Again, there are numerous special tongs for specific 
work. Some of these are hollow-jawed and caliper-jawcd tongs in various 
shapes and sizes (Fig. 2o, after Lillico 1949, PJ. to. Figs. 1 , 2, 5; PI. 11, 
Fig. 7). 

(v) Chisels 

The smith uses chisels with which to cut his material, either when hot 
upon the anvil, or in the cold condition. Blacksmith's hot and cold chisels, 
or sets, arc stouter tools than the mechanic’s cold chisel. Usually the body 
of the tool is from f J in. to i| in. square, and the chisel is hafted in the 
traditional manner by means of a twisted iron rod, or with a wooden 
shaft. The hot chisel has a finer edge than the cold chisel (Fig. 2t, Black¬ 
smith’s cold chisels or sets, Lillico PL 15, Figs. 3-5; Blacksmith’s hot 
chisels or sets, Lillico PL 13, Figs. 6, 7). 

(vi) Fullers and Stages 

It is of interest to mention these tools for they are now used by every 
blacksmith. Fullers arc used for the first operation in drawing down stock 
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Fig. jo, ViHoih bladtiautiT* long! (Lillico 19+9. PI. 1°, Figj. 1. 4 . ?; PI. It, Fig, 7). 

Unmlty Jt—jS in- long; weight, t. 5-6 !b. 



Fig. Ji, (rf-f), BUtlnarth't cold chink or wo. {J-t}. Bkrtfsnhh'i hoi chink or k!j. (Lillieo 1 ow, 

PL ij, Pip. j-5; PL 1 j, Figi.6-7.) 

Average, j~6 in, high; weight, 5-5 lb. 
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and in fornung recesses, fillets, and a great variety of bent and curved 
work. They arc made 'top and bottom*. The bottom fuller rests upon the 
anvil, while the top fuller is a hafted tool and is struck in the usual way 



Fie. as. Top filter (Liilko Fit 13. Botwa fuliei (Oita 19+9. PI. 14, Fijr- 3). 

FJ. 13. Fig. 14). 

C, 4 in. high; 5 lb. or more- 



Pie. 14. Top swap: (Liilicn Fie, i$- Bottom nr snvU wage (LiUke 1949, PI. [4, Pig. (}, 
1949, PI. 13, Ki S , is). 


with a hammer. In the same way, swages are 4 top and bottom , and are 
used for working material into circular bars or rods. The bottom swage 
rests on the anvil, while the hafted top swage is held and guided by the 
smith whose assistant strikes the top swage down upon the work until a 
good and true bar has been forged. Fullers and swage® were certainly 
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known hy mediaeval times, but I do not know of evidence to prove a very 
early use. However, the idea of the swage is of very early origin, for the 
semicircular grooves cut in stone blocks, and in some bronze anvils, are 
in reality elementary bottom swages. Sec Figs, 22-25, 

(vii) Punches^ Drift?, and Mandrels 

When iron is at forging heat it is relatively easy to pierce holes through 
it by punching. For instance, the shaft-hole in an iron hammer head may 
be made in this way. According to the shape of the hole which it is 
desired to pierce, the cross section of the punch may be square, rectangu¬ 
lar, or oval. The method of punching will depend upon the size and shape 
of the hole, and also upon whether the metal is to be swellcd-om round 
the hole. If it is not desired to swell-out the metal round the hole, a 
punch with a point but slightly smaller than the diameter of the shank is 
used. When the metal has to be swelled-out round the hole, as may be 
observed in many iron hammers of Roman date, a small hole is first 
punched through, and the metal is then opened out by the use of taper 
drifts. Mandrels arc really long drifts, and form a convenient method of 
holding, and making solid, hollow forgings w hile they are being worked 
upon under a forging heat. 

(vtii) Files and Sates 

These took really belong to the mechanic who receives and finishes the 
smith’s forging, bur naturally the jobbing smith will have, and at times 
use, files and saws. The use and appearance of the modern file is too v eil 
known to call for any description here, A very large amount of the smith's 
cutting-off work is done with the hot or cold chisel on the anvil, hut 
sometimes it is convenient to use a saw and therefore a large hacksaw is 
usually included in the tool kit. 

Having given some slight idea of present-day smith’s took of a very 
simple nature, we may turn Id the prehistoric and early historic material. 
Here, we at once encounter the difficulty that, owing to the nature of 
the material, iron tools are not very plentiful, and such material as there 
is has not received very detailed study. Indeed, the only serious works 
available to English students, and entirely devoted to prehistoric and 
early tools, would appear to be Petrie’s Tools and Weapons, published in 
1917; and more recently Ohlhavcr’s Der germanische Sckrnied und sein 
Wtrtexug, Leipzig, J 939. A small but useful work is Professor Childe’s 
Story of Toots, 19*4. For the northern countries. Dr. Andreas Gldeberg’s 
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important work, Metatitcknik under Forhistorhk Tid, Lund, 1943, 
should be consulted. Here, illustrations and description of many early 
tools will be found. It Is to these works that we must turn for much of 
our information. 

The prehistoric smith's hearth would have been of simple construction. 
A bellows with blast nozzle and a paved hearth with some stone walling 
to contain the fire and conserve heat would meet the requirements of an 
Iron Age smith. Concerning the anvil, wc have seen that the it one anvil 
has been used to the present day, and it must certainly date back to the 
very beginning of any form of metal working. 

Anvils 

Bronze anvils are not a tool of the iron-smith. We may, however, men¬ 
tion that such anvils, while never common, are a well-known type in 
Bronze Age Europe. The most simple form of bronze anvil is hornless, 
and is merely a conical or wedge-shaped block. This variety appears to 
be decidedly rare. The horned bronze anvil is a much more numerous 
and advanced type with considerable variations. A most interesting small 
bronze anvil comes from Chalons-sur-Sa&ne, France. It has two horns 
and two separate anvil-faces. According to which of the horns is used as 
a tang, 3 different anvil-face is presented to the work. The same principle 
is found in an anvil from a hoard at Bishopsland, Co, Kildare, Ireland 
(see Raftery, Prehistoric Ireland, Fig. 182). Small anvils of special type 
for making needles or pins are provided with halt-round grooves for forg¬ 
ing or finishing the work. Wc have here an idea which later developed 
into the swage. A good example of such an anvil is that from Fresties la 
Mere, Calvados, France (Fig, 26, from the anvil in the Ashmolean 
Museum). 

According to Ohlhaver (1939* p- 32}* the following types of iron 
anvil arc to be found in prehistoric and early historic times: 

(*r) Anvils with one or two horns. 

(i) Hornless anvils of most varied size. 

(c) A small anvil for secondary work such as whetting scythe-blades 
by hammering, i.c, field or mower's anvils. 

(d) Nail-making anvils, and anvils for special purposes. 

In the European Iron Age the horned anvil (rf) appears to be very rare. 
This is peculiar, in view of the tact that the horned anvil was quite well 
known in the Late Bronze Age. Even the Roman cultures do not appear 

H7 


THE TOOLS OF THE IRON-SMITH 


to have favoured the normal type of anvil with horn or bick-iron. At 
least for central and northern Furope this type does not become really 
important until around the sixth century a.d. Two of these late type 



Fic. 16, Bronze anvil from Frttno U Mire* CAlradofl* France* 
now h ibe AiKmutatn Muicum. Weight ic| e* r Scale f/t. 



Fie. 17, I™ anvil from Norwif (QliIKtaver r 939, Tpf. ji r i.) F 

anvils arc shown in figs. 27, 28 (after Ohlhaver Taf. 3i, 1 and Taf. 26). 
Fig. 27 (Ohlhavcr Taf. 3 i, 1) is a good type of a jingle-homed iron anvil 
from Norway. It will be noticed that it has a Song and thin hick-iron, and 
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in fact tends towards what is known as the L-$haped anvil, so called 
because such anvils resemble an inverted letter L, Fig. 28 (Ohlhavcr 
Taf. 26), also from Norway, is of interest in showing a mediaeval iron 
anvil in which the horn, or hick-iron, comes oiF the top of the anvil body 
in the modern manner. It will be noted that both these anvils, although of 
relatively late date, are more or less tanged. That is, they do not stand 



p lc , Medieval Iran aim! from Norway (OUbaver 14)39, Taf. 16), 


upon their own base like our modern anvils, but were secured by being 
d riven into a heavy block of timber. 

What Ohlhavcr terms hornless anvils of varied size (£), are not of great 
interest. They are crude blocks of iron which have been used as anvils. 
Again, there arc many smaller Provincial Roman anvils which arc not 
always, except in size, dearly to be distinguished from small field, or 
mower’s anvils. With the stake, field, or mower s anvil, we come to a large 
and important class. Such small anvils have been much used by country 
people for whetting, or work hardening by hammering* the blades or 
scythes, down to modem times. Indeed, they are probably still in use in 
some parts of Europe, for I have personally observed a small held anvil 
in use by a mower in France in the Da up hi during 1936. I hey can 
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also, of course, be used by a smith for any other suitably light work. 
Naturally, if used by a smith they would only serve for making very 
small and light forgings. For such field anvils Ohlhaver (*939, p- 35) 






quotes an average length as between 1 5 and 15 cm., and a length of anvil 
face usually between 3 and 4 cm. In their most simple form these anvils 
arc merely wedge-shaped piece of iron of square or rectangular section 
(Fig. 29 after Ohihaver, Abb. to, various field anvils), as in Nos. i to 3. 
To act as a stop, the field anvil sometimes has a rectangular hole or slit 
through the body, through which are passed strips of iron, the ends of 
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the iron strips being curled into loops or spirals {Fig, z% Nos. 5, 6)* 
Special types arc known in which instead of the anvil being pierced for 
strip, the function of a stop is performed by a square or circular plate 
through which the taper tang of the anvil passes, the stop plate wedging 
securely against the taper of the anvil tang (Fig. 29, Nos. 8, 9). Then 
there is the ‘eyed' anvil which is suspiciously like a tent peg. However, at 
least in some'instances it appears that the‘eyed’ anvil is quite genuine 
(Fig. 29, No. 7). The anvils discussed above art of Roman date, and, so 
far as present records show, the true field anvil may be said to be Roman 
or later. 

For nail-making, and large iron anvils, we must again turn to the 
Roman period. The Romans, and smiths 
wo rki ng und e r Roman instruction,torged 
very substantial objects at times. Such 
work can be carried out on a heavy stone 
anvil, but a heavy iron one is better. These 
big anvils are often merely cubes oi iron 
hollowed out underneath so as to give 
four feet which rest on the ground. In 
general, such big tools arc hornless, but 
have an extension of the working table to 
one side, and a nail heading, or other de¬ 
vice, at the opposite side (Fig. 3 o, Ltndcn- 
schmit 191 i, Taf. 46). Such anvils may 
be up to 30 cm. in height. They are not 
common, for Ohlhaver cites only five 
examples. The method used for making 



Fib. $0. Large Romm anvil. 3 ! cm. lugli, 
1 g cm. iliiiDCfrr, tapering 10 9 cm. (Linden- 
19Hi Til. +6). 


examines, i uc igicuiuu u»tu . .. c 

an iron nail, and the function of the nail-heading hole in the anvil or of 
the separate nail iron, is shown in Fig. 3 1 (Ohlhavcr 1939, Abb. 30). It 
will be seen that five operations arc involved: 

1. A round rod of iron, larger in diameter than the shank ot the nail, 

is prepared. . _ , 

2. The point of the nail is formed at the end ot the rod. 

3. The rod is drawn down on the anvil to the required diameter and 

length of the nail. .*.* e 

4. The rod is cut off, leaving enough metal !rom wluch to orm e 

5. The final operation is to forge the head, using the nail hole m the 
anvil, or a separate nail-iron as shown. 
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To form a square nail die same method is adopted, but the shank of the 
nail is, of course, forged to a square section, 

A point which will strike those with some practical knowledge of iron 
forging is that, with the exception of the large Roman anvils just men¬ 
tioned, the anvil appears very small and light when compared with the 
hammer. At first iron was not so very plentiful and the stone anvil was in 




Ftc. )I, Matin? *n iron nail (Ohtliircr 1939, Abb. j6), 


all probability much used. Here the smith would have plenty of weight 
at his disposal. Also, many qualities of stone would stand up to the stress 
of serious forging if a large homogeneous block was selected to serve for 
the anvil. In the mediaeval German anvils the dimensions remain sur¬ 
prising! y small. One would consider that most of the anvils recorded arc 
for ‘fine’ work, rather than for that of the ordinary blacksmith. 

Hammtri 

The hammer made of stone or wood is one of the oldest known tools 
and, 01 course, it long predates the discovery of iron. Stone hammers 
were used in the Palaeolithic and succeeding ages, and in many parts of 
the world the use oi stone hammers continued down to recent times. In 
metal, w c hud the hammer well established in the Bronze Age. In western 
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Europe the socketed bronze hammer was a popular tool, but it was not 
heavy, being suited to light work only. Indeed, many of the socketed 
bronze hammers must have been used for fine work only {Fig. 32, bronze 



Pig. j,j. Bronze toektied hammer from Erene* U Mite. row in she 
Museum. Weigh.! 4 fl*. T Seale l/t. 




fy;. jj. Heavy bronze hunoKt from the Miitciin'ri, Aaitiit. 
15.7 cm. loDg,’ 7-8-S cm- diameter. (,317 P- weight (Piiiioni 
193 j, PL IV. No, 1). 


hammer from Fresnes la Mht, Ashmolean Museum), On the other 
hand, quite heavy bronze hammers with features in common with the 
modern sledge are known (Fig. 3 3» hammer from the Mitterberg, 
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Austria, Pittioni 1951; PS. IV, No. 2). In general such bronze hammers 
predated the iron worker in Europe, and they are not a tool of the iron- 
smith, but with the coming of iron it was natural that the hammer 
should appear in this metal. However, iron hammers are not numerous 
before the Roman period, although various forms in iron do appear 
on the Continent in early La Tine times (Oldeberg 1943a ii, p, 1 0 * 
There are two methods of making and shaping the hammer. First, a 
simple rectangular block is forged from which to make the tool. Through 
this block, w here it is required that the shaft-hole shall be, a slit is cut out 
with the hot chisel; then the shaft-hole is completed by drifting through 
with round, oval, or rectangular drifts. After this operation the daw, 
when required, is drawn down. According to the size of the shaft-hole, 
the drifting operation expands the sides of the hammer around the hole, 
hut it does not increase the thickness of the hammer when looked at in 
side view. Secondly, when it is not desired that the sides of the hammer 
should be swelled around the shaft-hole, the sides may be forged down 
using a mandrel in the hole, so that the shaft-hole retains its true shape 
during the forging. Naturally such forging will increase the depth of the 
hammer (when looked at i« side view), around the shaft-hole. The 
difference between this method and the more modern technique in 
which the expansion of the metal is more or less avoided by the use of a 
blunt-ended punch will be noted. Various shapes of iron hammer heads 
arc shown in Fig, 34 (after Oh Shaver, Abb. 14). Ohlhavcr (1939, p. 43) 
considers that both the swelled shaft-hole and the parallel-sided forms of 
hammer arc to be found in prehistoric contexts, and are certainly well 
established by the Roman period. 

During Roman times the hammer assumed the form of some of our 
modern tools. 1 he iron cross pene hand hammer was very similar to the 
mechanic s hand hammer as used in France and Germany today. It is 
interesting to note that the cross pene hammer with square-section body 
appears, even today, to be a continental type while the well-known ball 
pene mechanic s hand hammer seems to be a British development. As 
with the hand hammer, so the heavy iron sledge had taken quite a modern 
appearance under the Romans (Figs. 35, 36, Roman hand and sledge 
Hammers, after Lindenschmit 1911, Taft 4*6, Nos, 800, 799). We have 
mentioned that the modern smith uses aset-hammer, and it is interesting 
to observe that such tools go back to Roman times. One such is figured 
by Ohlhavcr, from Durnau, Reidlingen, Wiirttemberg (Fig. <17 after 
Ohlhavcr, Abb, 48). & \ s J/ 
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Fig, 5 ^ Vbxuhh ilupd ofinni hammcr-kead* [OMfciTcr 1939^ *4)- 



Fig. j j, Rheiuii bfld- ! 111 M fetf cm* 1^1 (LrUuksKliniil I jf t 46, ^o. Hccijr 



Fig. j 6 . Roman sledge-Eijmimcjr* f. 10-3 on* long* ihaft-hoEe 

3 cm, wide (LmdEmvchmiT 19T t* T*£ 4^ N«*. 799) B 




Fig. J7 + Rouum id* 
himmierflttGi DntniTlp 
Retdlmgen* Wtrtlcm* 
W {GMb vrr 191^ 
Abb.#i). 
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Tongs 

'Hie earliest metal tongs used were no doubt of the simple spring-back 
variety,or, in other words, they were merely enlarged tweezers. Simple 
tweezers made from one piece of metal arc of very early origin, for copper 
tweezers were found in the tomb of Semerket, one of the last kings of the 
first Egyptian dynasty. Again, the tweezers enlarged to form a spring- 
back tongs of considerable size are depicted in a drawing of Egyptian 
bronze-workers from the tomb of Napu, of the date of Thutmosis IV, 
1420-14.11 ».c, (Coglilan 1951, p. 79 and Fig, ro). Tongs of such early 
date would have been made of copper or bronze and, while perfectly 
suitable for removing small crucibles or light objects from the fire, their 
value to the iron-smith, who needs a firm grip when forging his iron, 
may well be questioned. However, we must remember that the simple 
spring-back tongs has served as part of the smith's equipment to mediae¬ 
val times, and for other uses until today. Such tongs have been used until 
recently in the forging of springs and chain-links. They have the advan¬ 
tage of a constant grip, and are therefore comfortable and convenient for 
the smith to hold. Undoubtedly when provided with a slip-ring to in¬ 
crease the holding power the iron spring-back tongs is a useful tool. 
Among modern primitive iron-workers 3 green withy frequently 
served as tongs, and there is no reason why, where suitable withies or 
other timber were available, they should not have been used by the pre¬ 
historic smith. More or less to hold, and at any rate to guide, a rough 
furnace bloom while it was being hammered upon 3 stone anvil to expel 
charcoal and included slag In the process of consolidating the iron would 
be within the capacity of withy tongs. For such use we have ample 
evidence from modem primitive smiths in Africa. For the actual forging 
of implements the withy tongs would be at a disadvantage owing to their 
low holding power and tendency to catch fire, but they could be used for 
[he forging Qi simple objects such as spears, knives^ und hoes, in which it 
would not be necessary to bring the whole of the metal up to a forging 
heat at the same time, or when a projection could be left on the object 
wh.ch would serve as a cooler portion to be gripped bv the wooden tongs. 
I-or example, the Btkom blacksmiths (Jeffreys 1952, No, 75) used withy 
tongs or tweezers when shingling their iron bloom upon a stone anvil, 
and a form of wooden handle to enable the iron blank to be manipulated 
on theannI when forging. The frequency with which spring tongs occur 
in the Middle Ages in Europe would lead one to suppose that they may 
have been more frequent in Roman and Iron Age times than the known 
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finds indicate. Ohihaver (1939, p. 67) mentions a spring tongs of ao cm. 
in length from the Hallstatt cemetery, and also an example from Byii- 
sfcala which may be of the same period. Of Provincial Roman finds. 



Frq. 38. V*riwl» «<mgi (Oklbvtr 19391 Abb. 14). 


there is one from France. From ^German* finds, Ohihaver gives but three 
examples. 

The solution to the problem of an efficient tongs was, of course, the 
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invention of the hinged variety, and it is significant that in general this 
form appears with the coming of iron. Kinged tongs arc certainly ex¬ 
ceedingly rare, if indeed present, before the Iron Age in Greece when we 
find the modern form depicted upon an Attic vase which shows a Greek 
smithy of about 500 b.c*, but Evans (1921, i, Fig. 70) does show an 



Fic^ J9 1 tong-kutlki methods them {OklEiavcr 1939, Abb-19), 

example as early as Minoan II lrom Modi]os. From laic in the Iron Age, 
and commonly in Roman times, large and well-designed hinged tongs 
are found. Fig, 38 (after Ohlhaver, Abb, 24) illustrates some types of 
jaw. It will be observed that the smith has advanced to the stage at which 
he forms a variety oi jaws to suit the work in hand. Indeed, we may say 
that the Roman smith had a number of the shaped jaws which we use 
today. Again, some oi the Roman tools exhibit the same means for lock¬ 
ing the tongs upon the work which we si it I employ. Rings, hooks, S- 
clips, &c., were used to lock the handles (Fig, 39 after Ohlhaver, Abb. 
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29). Except for some special shapes* and belter material* it may be said 
that with the heavy Roman hinged tongs ‘terminal’ development had 
been attained. 

The Chisel 

Of the many prehistoric chisels* it would be very difficult to separate 
those belonging to the iron-smith. However, we may say that only a sc mi¬ 
sted, or steel-tipped chisel would be of serv ice to the smith. 1 lie small 



Fig. 40. Bfonzc Aje fiat ciiisel, Fic. 41. Rorrwn fbt ctibfil 1l "> Fig, +J- Risitna crw-v^ui 
Kile t h (Pitt Rivtn Muieutn, ling (Lindctucbmit 191B, *0-^ cm. Jofig 1 

P.R. .47J). Ttf, 46. N°, 798). i 9 u t Tif,+6. No, *r*). 

and light line and punching chisels much used for decorative work do 
not concern us. Since the iron-smith’s chisel must be able to stand up to 
direct and heavy blows on its shank, it follows that we may exclude 
socketed chisels, and chisels which have long slender shanks. Also, chisels 
with widely splayed blades do not belong to the forge. 1 he smith s chisel 
has changed but little in the course of the centuries. The modem tool is 
tapered down to the cutting edge at an angle varying between 1 5 and 
3 0 degrees, while the cutting edge itself forms an angle of some 45 JO 7 ° 
degrees. Such proportions may be observed in the early iron chisels, at 
least from Roman times onwards. The cutting edge of the chisel is, of 
course, hardened, while the butt and shank arc left in a soft condition. 
As today, cross-cut and fiat chisels arc known (!■ igs. 40-42). Recent and 
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modern hot chisels arc often halted by means of an iron rod with a loop 
passing round the shank of the too! under its butt. This method of hold¬ 
ing the chisel is necessary when large forgings at red heat are being cut 
upon the anvil. The work of the Iron Age smith would have been of a 
lighter nature, and he would no doubt have been able to hold his chisel 
with the tongs, or even in the hand. 

Fullers and Swages 

To the blacksmith, top and bottom fullers are most useful tools. How¬ 
ever, I cannot find any evidence for their use in prehistoric or Roman 
times. It seems likely that these tools would be known to die more skilled 
Roman smiths, but unless evidence to prove their earlv use is forthcom¬ 
ing, wc cannot consider them to be earlier than the mediaeval period. We 
have already mentioned that the swage must be of early origin, and that 
its prototype may be found in the semicircular grooves cut in some 
Bronze Age anvils. Evidence for the swage is extremely scanty, although 
Beck (189 z, ii, Abb. lzt, and p, 539) has recorded some Roman ex¬ 
amples. Ohlhaver (1939, Taf. i6 t and p. 2) illustrates an excellent bot¬ 
tom swage which is provided with a spigot for use as an auxiliary tool 
socketed into the top of an anvil, However, this tool is of mediaeval date 
and it seems probable that the swage only became popular at some lime 
during that period. 

Punchy Drifts, and Mandrels 

Punches, dribs,* and mandrels 1 are the most simple of tools, and must 
have been used by the smith even in Tron Age times. They are so simple 
that no description is necessary. The punch, particularly when used upon 
cold sheet metal, requires to be adequately hardened. 

Files 

The file is a very important tool, and would have been used by the 
smith for smoothing and finishing his forgings. Tn the Bronze Age 
bronze files are known, but these would have been valueless for iron 
working and were what wc should now term rasps, today being mainlv 
used for wood-working. Files first become of value for cutting the harder 
metals with the introduction of iron, when we hegin to find files of 
rectangular, square, and round cross-sccttons. Before it was discovered 

1 Tod* lor enlarging or ihjping hdet fo meta|_ 

1 Kcdk round whkk oueUI ii forged or ihupecL 
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how to carbume the iron so that a reasonable temper could be imparted 
to it, the file was an inefficient tool although it would have had its value 
for cutting the softer metals. Also, a bad file was better than no file, for 
the traditional grinding process was slow and laborious. Apart from the 
metal used, the efficiency of a file depends upon the number and method 
of cutting the teeth. In general, for cutting the harder metals it pays to 
use a fairly fine file, that is, one with a large number of teeth. For wood, 
and very soft metals like lead and tin, a rasp-Kkc file with a much coarser 
tooth is employed. As we have mentioned elsewhere (Coghlan ! 95 1 > 
p. 86), there are various ways in which the teeth of a file may be formed. 
Modern files arc made with the teeth arranged as single or double cut. 
With the single-cut file there is but one series of teeth which arc cut at 
an angle across the working face of the tool. For filing harder metals, 
double-cut files are more suitable. Here a second series of teeth is cut at 
the same angle, but crossing the first scries. Hence, a large number of 
triangular cutting points are left standing up in contrast to the continuous 
cutting edges of a single-cut fitc. Cutting the teeth at an angle across the 
working face of the file is a method which renders the tool smoother in 
operation and more efficient. It would appear that the teeth of early files 
were cut with a chisel before the hardening was carried out. 

Dr. Oldcberg (194.3, “»P* 1 ° 4 ) remarks that in a considerable number 
of prehistoric files, especially in the Scandinavian area, the cut was usually 
perpendicular to the longitudinal axis of the file, and square over the 
whole width of the surface, while in other cases the teeth were obliquely 
inclined across the face. Possibly even before Roman times the double- 
cut system of the modern file may have been known. It certainly seems 
that the late Iron Age toolsmith had grasped the true principle of the file. 

The hardness and temper of an iron file is, of course, a vital factor in the 
efficiency of the tool. Here, we unfortunately have very little information 
to go upon because hardly any early files have been examined by metal - 
lurgists. However, two files from Stcinsburg, Rbmhild, Kr, Hildhurghaus- 
cn, Thuringia, Germany, have been examined by Hancmann (1921—1, 
pp, 95 if.) He investigated a large and a small file, not later in date than 
Roman. Both were found to be made of an iron which had been con¬ 
verted into steel which was capable of being hardened. As in modem 
practice, the working part of the file had been hardened, while the tangs 
were left soft. Hancmann puts forward a theory as to how the file blanks 
were prepared, but tills aspect is of more interest to the metallurgist. M e 
may say that the investigation showed that the smith must have had 
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practical knowledge of how to carburize Ms iron up to the point at which 
hardening becomes possible, and, moreover, understood correctly the 
appropriate method for hardening bis material. This agrees with Carpen¬ 
ter and Robertson's research which we have mentioned on page 59, 
where it is noted that carburizing, quenching, and tempering were prac¬ 
tised by a.d, 200. 

Concerning the antiquity of the file, Dr. Oldebcrg* would consider 
that iron files appear at least during the sixth century in Assyria, while 
in Egypt an iron file was included in a workshop find at Thebes. This 
find is considered to be connected with the invasion of the Assyrians in 
Egypt in the year 663 a.c. During the La Tenc period iron files arc to be 
found in the south of Europe, and in the Roman period they become 
common. In Europe, the list of recorded files is a short one. For instance, 
for La Tfcnc* and the early Roman period, O hi haver only gives particu¬ 
lars of finds from the La Tfcne settlement at Neuchatd, Steinsburg in 
Thuringia, Stradoniss in Bohemia, Rondsen in west Prussia, and Ntu- 
guth, west Prussia; Petrie (1917, p. 44) mentions a 'crippled* file from 
the Auvergne, France, and a good one from SUchester (Evans 1894, 
pp. 139 flf.). He also states that the fine-cut file begins with the Assyrian 
group, where the rasp is also found in a perfect form, exactly of modem 
shape and detail. 

Sazu 

The saw is a tool of great antiquity, for as long ago as the Magdaienian 
period in the south of France serrated flint blades were used as saws for 
cutting small objects of wood and bone. In the Ancient East, the metal 
saw is early, and in Egypt it appears to date back to the First Dynasty 
(Petrie 1917, p. 43). These first saws would have been of copper, later 
followed by those of bronze and iron. We do not know when the saw, as 
distinct from the bronze, and possibly iron saws used for wood cutting, 
became a part of the smithes equipment. Once it was learned how to 
temper a chisel so as to make a file, and to temper the file so that the teeth 
of the saw could be cut, technical difficulties had largely been overcome. 
Hence, there is no reason why an iron saw should not have been carbur¬ 
ized and tempered so as to render it capable of cutting wrought iron 
during the late Iron Age in Europe. It is certainly significant that, from 
a large hoard of iron tools of the Roman period from the Hcidenburg 
bci Kreimbach, north of Kaiscrsleuten, Rhenish Bavaria (Lindenschmtt 

* PrivjTc commanjMTHtft («ho Coghlan 195 r, pp. 66-17). 
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igi i* Taf. 46), we find an iron saw with correctly raked teeth set in a 
metal frame (Fig, 43). This tool appears to be a prototype of our modem 
metal-worker’s hacksaw, and should be quite capable of cutting wrought 



Fig. 43. Roaimi uw of iron b meul fmcie (LbdcniiiinalE 191J* Tit 4&* No. &0{.}» 


iron, A very similar tool is also figured by Gldcberg (1943* il, p. 104, 
Fig, a 1 o), but here the blade is no less than 1 cm. in thickness, and Oldc- 
berg refers to the tool as an arc-file. Hence, it is not quite clear whether 
we should consider the Swedish tool as a hacksaw with an unusually wide 
blade, or as a frame-mounted file. At least, it is dear that we may ascribe 
a saw, comparable to our metal-cutting hacksaws, to the Roman, if not 
to an earlier, period in Europe. 
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Chapter VII 

THE TECHNICAL ART OF THE SMITH TO 

ABOUT a.d. 1000 

T o conclude these notes it is of interest to examine, in so far as the 
evidence available permits, the progress made by the smith in his 
art up to about a.d. t ooo, bv which time a high standard had been 
attained. Indeed, after a.d. iqoo there was probably no very revolution¬ 
ary progress in the smith’s art until the seventeenth or eighteenth cen¬ 
turies when the turning lathe, and other machinery, created the need for 
yet further development in tools and material. Again, we do not attempt 
to discuss art in iron-working in the generally accepted sense of the term 
because examples of artistic iron work of the La Tine, and other periods, 
will readily be found in archaeological textbooks. 

The primary advance in the smith's art was to refine and improve the 
quality of his iron. If we except the use of iron as a semi-precious metal 
with small application to decoration and ornament, the bulk of the 
early iron produced was lor the manufacture of tools and weapons. Primi¬ 
tive bloomcry iron is not sufficiently hard to give the fine cutting-edge so 
necessary in a good tool or weapon; hence the first step in the evolution 
for which we must seek is some method of hardening die iron. This 
could be attained by carburizing. With primitive methods the penetra¬ 
tion of the carburized 'case' would be slight, most likely adequate for a 
thin and slender object like a small knife, but not sufficient to be satis¬ 
factory for a substantial chisel or axe. For these heavier objects there was 
a method to overcome the difficulty—the piled or compacted structure. 
If a number of thin laminations of iron were separately carburized, and 
then piled and forge-welded together, the forging so obtained would 
have a reasonable diffusion of carbon throughout its mass. In this way the 
iron may be brought into the range of the steels, which may then be 
further hardened by heat treatment. As we shall see, this ingenious tech¬ 
nique was actually developed in the prehistoric period. Such smith's work 
was far from primitive, indeed it may be called decidedly skilled. The 
technique still has a limited application in the manufacture of some 
special steels. 

So far little attention appears to have been directed to the evolution 
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of the smith's art in early times and the evidence available has many gaps, 
leaving much to be desired. Tire best pre-war scientific research, at least 
by British workers, of which 1 am aware is that by Carpenter and 
Robertson in 1930 (pp. 4.17-54.). In an endeavour to give some outline 
of the subject wc shall make use of their investigations, together with 
much new research kindly carried out for the Pitt Rivers Museum by 
Mr.T. H. Williams and Air. P. Whitaker of Messrs. Stewarts and Lloyds, 
arranged through the good offices of the British Iron and Sled Research 
Association. Of the specimens examined by Carpenter and Robertson, it is 
to be noted that the earlier examples, although found in Egypt, may well be 
imports because the Iron Age was of relatively late occurrence in Egypt. 

We have the following specimens to consider: 

Egyptian* Knife. Periot /, e. i zoo r.c. 

Report. Carpenter and Robertson, 1930. Specimen no. 2. 

This smalt knife was made by welding two pieces of metal together, 
the line of die weld extending along the whole length of the specimen to 
the point. The two pieces of metal had been brought to approximately 
the same composition by carburizing. The knife had been air-cooled, 
producing small specks of ferrite and fine pearlitc, and the authors report 
that it was carburized so as to make the carbon content at the cutting- 
edge about O’8 per cent., falling to about 0’6 per cent, in other parts. 
Brin ell figures showed that the hardness varied between 269 and 302. 
These arc high figures for unqucnchcd steel, and it is interesting to com¬ 
pare them with the low figures obtained from a Roman sickle in which 
the material had been quenched but spoilt in an attempt to temper it. 

Egyptian Knife. Periodic . 1200 b.c. 

Report. Carpenter and Robertson, 1930. Specimen no. 3. 

The carbon gradient from the edge to the back of this specimen 
showed that it had been carburized. How the carburizing had been 
earned out is a matter of surmise, but after cooling, the metal was again 
heated into the critical range and then air-cooled, for technical reasons, 
the authors, suggest that the carburizing process was not carried out by 
placing the knife in a charcoal fire, but by some other means that necessi¬ 
tated slow cooling, for instance packing in a crucible with charcoal and 
other instruments. Hardness at the edge of the knife near the hilt varied 
between 285 and 269 Brindl, and at the point between 255 and 269. At 
the back, the hardness varied between 179 and 197 Brincll, 
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Egyptian Axe. Period, c. 900 ax. 

Report. Carpenter and Robertson, 1950. Specimen no. 8. 

A variable structure was revealed in this axe. The carbon content is 
also variable, and in certain positions rises to around 0*25 to 0-3 percent. 
The iron had been carburized and the authors conclude that the axe was 
finally heat-treated by quenching the cutting-edgc. If water was the 
medium used for quendung, it would appear that only the cutting-edge 
was immersed. The Brincll hardness was also variable. At the edge the 
hardness is 207, rising to 229 a little higher up die point, and falling to 
116 as the body of the tool was approached. 

Egyptian Axe. Period, c. 900 ax. 

Report. Carpenter and Robertson, 1930. Specimen no. 9. 

As a result of carburizing, the carbon content of this axe decreased from 
about 0"9 per cent, at the cutting-edge to a very small amount at about 
t in. from the edge. The cutting-edge was quenched in water, and it is 
important to note the authors* statement that on withdrawing from the 
water the main part of the axe was still at a red heat, and conduction of 
heat from the body reheated and tempered the edge. It would be interest¬ 
ing could we know if this self-tempering was accidental, or intentionally 
sought for by the smith. Most likely it was intentional. The result was 
most successful, for the hardness figures increase from 62 Brin el l in the 
ferrite of the body to 363, 388, and finally to the very considerable 
hardness of 4.44 Brincll at the cutting-edge. 

Egyptian Hoe. Period , e. 800 b.l*. 

Report. Carpenter and Robertson, 1930. Specimen no. 7, 

This hoc was simply forged from bloomery iron and had received no 
subsequent heat treatment, It is of interest in showing how variations in 
composition of the separate particles of the direct iron, and variations in 
the forging conditions, render a wide range in hardness in the same tool. 
For instance, near the tip where the ferrite grains were large the Brincll 
hardness was 116. Higher up the tool where the ferrite grains were 
smaller, the hardness was 137, Again, in an area where the structure was 
small-grained and contained some pearlitc, the hardness varied between 
149 and 187. In another area where the ferrite grains were large and the 
pearl it c small, the hardness was 163. 
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Tripod. Attyria, Mmrttd. Period, late 8M century ti.c. 

Report, Stewarts and Lloyds. For Pitt Rivers Museum. 

Plate I, Pig. 2, and pp. 180, 202. 

Ibis specimen lias been completely converted to iron hydroxide. No 
metallic portion was left, $0 that analysis was impossible. Examination of 
a section would indicate that if was made from piled wrought iron. This 
is valuable information as it indicates that the compacting technique was 
known at least as early as the late eighth century B.c. 

Egyptian Chisel, Period* c , 700 s.c. 

Report . Carpenter and Robertson, 1930. Specimen no. 6. 

The investigation showed that, after forging to shape, this chisel 
underwent the following processes: 

(a) It was carburized at the point. 

(b) It was then heated at the point. 

(c) It was finally quenched by immersing the point only. 

According to the position in the chisel blade the carbon content varied 
from very low to about 0-4 per cent. Also, the hardness varied according 
to position from 137 to 302 BrtnclL The maximum hardness was not 
attained at the cutting-edge itself owing to the fact that the material near 
the cutting-edge had to some extent been decarburizcd and particles of 
ferrite were fairly plentiful. It is clear that this tool was made by a skilled 
smith, as shown by the technique of heat treating and quenching at the 
point while leaving the body of the chisel unhardened as we frequently 
do today. Obviously the smith well knew what he was about, although it 
may be noted that he did not know of, or perhaps it is more likely that he 
did not wish to risk, experimenting with, any further tempering opera¬ 
tions after he had quenched the material. 

Spear, Syria, Drue Huydk . Period, 600-500 b.c. 

Report, Stewarts and Lloyds. For Pitt Rivers Museum. 

Plates IMV, and pp. 180, 202. 

The material of this spear is forged carburized steel made from reduced 
sponge iron. Average carbon content is om 8 per cent., but in places as 
high as o-6 per cent. The high nickel content of 0 3 2 per cent, is unusual. 
The spear has been forged from about fifty plates or layers of sponge iron 
piled into a block (Fig. 44, from the Report of Messrs. Stewarts and 
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Lloyds). The majority of the plates have been surface-carburized during 
heating for forging* the compacted structure resulting in a highly de¬ 
veloped water-marked pattern somewhat similar to damascene steel 
blades produced from cast steel. A noteworthy feature is that the tubular 
taper socket, which was forged from a ‘tagged* end, has been bruited and 
forged together with impure copper. Hardness ranged from 108 Vickers 
in the low carbon zones to 153 Vickers in the higher carbon bands. 
There is no indication of hardening and tempering, A high degree of 
skill is shown in welding and forging. No doubt the smith could have 
hardened the spear had he wished. The hardness figures quoted are typi¬ 
cal of a modern mild steel, the strength of which would be quite satis¬ 
factory for a mid-rib spear of such proportions, 

Spear. Jugoslavia, Valle, Period, yk century nx. 

Report. Stewarts and Lloyds. For Pitt Rivers Museum. 

Plates VI-VH* and pp. 184, 203. 

The report states that this spearhead has been forged from wrought 
iron with a very variable carbon content of from less than o -! to exceed¬ 
ing q -6 per cent, locally. The hardness varies from 103 to 13 + ^ ickers. 
The spear was made by rolling over a faggot of wrought iron to form a 
forge welded tubular section. The tubular section was completely col¬ 
lapsed at one end to form the point, but still retains its taper tubular form 
at the socket portion. The point of the spear is unhardened, 

Egyptian Knife. ? Europe. Period, r. 300 s.c. 

Report, Carpenter and Robertson, 1930. Specimen no. 4. 

This small knife had been carburized but not quenched. The hardness 
of the small-grained structure in the middle of the knife varied between 
137 and 143 Brinell; that of the remainder varied between 95 and 107. 
For its period, this seems a poor specimen and without features of any 
particular interest. 

Iron Pick. Palestine, Lae huh. Period, Iron Age, before 588 u.c. 

Report. Stewarts and Lloyds. For Pitt Rivers Museum. 

Plate V, Fig. i, and pp. 182,202, 

This early specimen was made from a very pure base wrought iron 
which had been carburized prior to piling and forging. Production from 
a pure haematite or magnetite ore is indicated. Determination of carbon 
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gave 0-196 per cent., with hardness varying from 136 to 183 Vickers. 
The report of Messrs. Stewarts and Lloyds indicates that the point of the 
pick was quenched from a very high temperature. It would therefore 
appear that the smith who made this pick was aware that, at least under 
certain conditions, an increase in hardness was to be obtained by quench¬ 
ing from high temperature. 

Iron Sword. Havanas i S&jne. Period^ Probably Halls rati D. 

Report. Dr. Andreas Qldebcrg, 'Elt markligt jamsvard fran Hftgftnfs i 

Skanc’, Vdnersborgs Museums Sbiftserie 4, Vancrsborgs 1952, pp. 

27-70. 

Dr. Oldebcrg thinks that this unusual iron sword came front the east 
Halhtatt region, or from even farther to the cast. If that be so, the sword 
would belong to the Halfctatt D period, or to the transition to La Tenc. 
The relatively high copper content of the blade show's that a copper- 
bearing iron ore was used as the source of the metal. Perhaps it was 
side rite, which is to be found in the cast Alpine region. The analysis of 
the blade was; 

Ti V Mn Fe Co Ni Cu Su Pb As 

o*o]-q-i < 0 'Oi O'i— t yrurd <o-oi <o , ot 0 'i-i — - <0-01 

masta 

It will be observed that the iron contained an unusual amount of copper 
and manganese, approximately 0*1 to 1 -o per cent, in each case. The 
carbon content was variable, but was apparently about 0-3 per cent. The 
addition of manganese may be said to increase the strength and work- 
hardening properties of 3 steel (as in the modern low-carbon manganese 
steck with carbon of 0-2 to 0*3 per cent, and manganese 1 *o to 1 *75 per 
cent.), while the addition of copper in the ranges up to 2*5 per cent, 
would presumably increase the yield point and impact value of the 
material. From Dr, Oldcberg’s report it appears that the HoganSs sw ord 
was not quenched and tempered, nor was it work hardened after forging 
to any proved degree. Owing to the improved qualities of the copper- 
manganese blade, such post-forging was perhaps found to be unnecessary. 

The construction of the sword hilt is of interest, and the assembly is of 
quite advanced design (Fig. 45 after Oldebcrg's Fig, 7). First, there is a 
decorated socket which is seated on the blade. Next is a sheet-meu! 
tubular hand-grip surrounding the tang; the longitudinal seam of this 
hand-grip has been brazed with a bronze alloy. Finally, the end of the 
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tang was riveted down upon a winged terminal, so securing the com¬ 
plete assembly. The composition of the brazing alloy is: 

Tt V Mn Fe Co Ni Cu Sn Pb As 

< 0*01 <0-01 ooi I <0*01 «J'Oi grand i-io o-o-s <oot 

—o* t massa 



Fm +?. Comtmeiivn of the hElt of the Hfljp&ai word (Oklebei£ 195*. fig* 7 )- 

It is clear that the sword smith was Highly skilled. He was able to forge 
the iron hand-grip to a series of graceful curves, and afterwards to braze 
the joint. Even today* the construction of the Hbgnnas hilt would rank 
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as quite a neat piece of smithing. During H allstart times the use of copper, 
or of a bronze alloy* in the brazing of iron must be relatively rare, although 
we have the use of copper for brazing the spear socket from Deve Hiiy tSk 
(Cap. X, p. 181). It is remarkable that the technique of brazing bronze and 
iron was known and practised from very early times. This subject has 
been dealt with at length by Maryon (1949* pp. 108-12), who cites 
examples of early brazing, e.g. the Whittingham bronze sword of the 
late Bronze Age* and for iron, a ring of Roman workmanship from Uri- 
comum, Wroxeter, Shropshire* dating from before a.d. 380* which had 
a welded joint and a second joint of which the brazing material was found 
to be copper, In a Hallstatt sword from northern Europe, Dr. Oldebcrg 
(1943, ii, pi. jcv, p. 215) finds evidence for the use of brazing with a 
silver alloy. 

Sample from Axe-edge. No. 22006. 

Praliisiorische Sammlung un Naturhistorischcn Museum, Wien. 

Loc. Magdalenenberg bci St, Martin* Jugoslavia, Tumulus II, Grave 
1 and 2. 

Period. Hallstatt, sixth century e.c. 

Report. Stewarts and Lloyds. For Pitt Rivers Museum. 

Plate V, Fig. 2, pp. j 83, 202, 

Sample from Lance-head. No. 22016. 

Prahmorischc Sammlung im Naturhistorischen Museum, Wien. 

Loc . Hallstatt, GrSberfeld, Grave 783. 

Period. Hallstatt, sixth century n,c. 

Report, Stewarts and Lloyds. For Pitt Rivers Museum, 

Plate V, Fig. 3, pp, j 83, 202. 

The small sample taken from axe-edge No. 22006 was found to be of 
rather high-carbon wrought iron with numerous entrapped slag fila¬ 
ments. The hardness of the sample was 149 to 165 Vickers* and there 
was no sign of any attempt at hardening. The smalt sample from lancc- 
hcad No. 22016 was of pure w rought iron with carbon of less than 0-04 
per cent. Again, there were numerous entrapped slag fi laments. The hard¬ 
ness of the sample was 145 to 134 Vickers, and there had been no attempt 
at hardening. Perhaps one would not expect much attention to hardening 
in a lance-head, but had the skill of the smith been at all high, one would 
expect some endeavour to be made to harden an axe. However, it will 
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be noticed that both specimens were untreated, and their hardness was 
approximately the same. 


Iron* Swords, Italy, Esino and Bergamo. Period, La Tens. 

Report. Stortt, C., and Mariani. E. ‘Una spada gallica del III period© di 

LaTene\ In La metallurgist tta/iana,ahi notizie, no. 5, maggio 1953. 

Doctors Storti and Mariani carried out a technical examination of two 
swords of iron belonging to the La Tene period. One was from the 
furnishing of one of three tombs at Esino Lirio, and the other, irom 1 
private collection, came from the province of Bergamo. First, considering 
the Esino sword, it was found that in the core-metal of the blade there 
was an absolute prevalence of pcarlite over territe. In the external areas 
ferrite tended to prevail, r I he material of which the Esino sword was 
made exhibits a steel structure with the surface layer definitely decar- 
burized and with many inclusions, some of notable dimensions and 
generally elongated. In the authors’ opinion, the billet from which the 
sword was forged consisted of a true steel, a steel with a noteworthy lack 
of homogeneity, hut on the whole certainly approaching a pearl itic 
eulectoid steel with a carbon content averaging 0*7 to 0*8 per cent. 1 he 
sword had not been subjected to any heat treatment or hardening (except 
hammer hardening of the cutting-edge), and exhibits a resistance eom*^ 
parable to that of a semi-hardened modern steel with a carbon content of 
about o*5 to o-6 per cent, with an ultimate tensile strength of 55—60 

The metal of the Bergamo sword showed very different characteristics. 
As to slag, the material was exceptionally pure; in certain areas only were 
very small inclusions to be found. Here we arc dealing with a soft and 
pure iron of formation similar to that of an Armco iron. Hardness deter¬ 
minations taken in certain typical areas showed that the ultimate tensile 
strength of the iron would not exceed about to 33 
Bergamo sword is of far less advanced technique than that of Esino. The 
material was very soft and could not be hardened or tempered. It would 
make an exceedingly poor sword, for it could not be hardened, and 
although it would not break, it would bend with great ease. It is a good 
example of the ‘soft iron sword' of textbook?, and tar removed Irom 
Ddchclctte’s (1914, pp. u 16 and 1129) view that La 'Fine swords were 
of highly advanced technique, 
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Two Iron Swords. Switzerland. Period % La Tens, c. 50 b.c. 

Report. Stewarts and Lloyds for Pitt Rivers Museum. 

Platts VIII-X, and pp. 185-6,203. 

Through the kindness of the Director, Professor Dr. Alfred Buhltr of 
the Museum fur Votkerkundc, Basel, it has been possible to report upon 
two La Tcnc swords from the His tori sches Museum of Basel. Sword 
number 19+7-639 was found to be composed of very low-carbon piled 
wrought iron, in the as-forged condition. No attempt had been made to 
harden it by heat treatment. The hardness near the mid-rib was found to 
be i6t Vickers, increasing to 190 at the cutting-cdgc. Sword number 
1947-640 is of good-quality wrought iron made from a large number of 
piled layers. A very rough estimate of these layers would indicate possibly 
some 50 to 100, many more than in the other sword. Again, the weapon 
is in the as-forged condition, and there is no evidence of hardening by 
quenching. The carbon content is variable. Near the central rib it is 
about 0-15 per cent,, while close to the cutting-edge the carbon content 
rises to approximately 0-5 per cent. The hardness also varies from 161 
Vickers at the low-carbon mid-rih 10 286 in the coarse high-carbon 20ne 
at the cutting-cdgc. 

We had hoped that these two swords would indicate that the La Tine 
sword-smith was familiar with the art of hardening and tempering. How¬ 
ever, such was not 1 lie case, and we can only say that sword number 
1947-639 is comparable to the La *1 inc sword from the province of 
Bergamo, examined by Storti and Marian!, chat Is, a sword of remarkably 
pure, but soft, wrought iron. Such a sword would be a very poor working 
weapon. On the other hand, sword number 1947-640 may be compared 
with the La Tine sword from Esina, also reported upon by Storti and 
Mariam, which is made from what may be described as a fair quality 
steel for its period. Such a sword, although not a ‘quality 1 weapon, would 
be a working one, and possess certain advantages over the average bronze 
sword. 


Roman Chisel. Chestcrkalm, England, 

This chisel was found by Mr, E, Birlcy during the course of his excava¬ 
tions at Chesterholm in 1932, an d assigned by him to the second century 
a.d. (Pearson and Smythc 1931-7, PP- 1 4 <~ 5 >- The chisel is 8 inches 
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long with a square-sectioned body of about 0*4 inches. The following 
chemical analysis is given by Pearson and Smythc; 

Manganese nil. Silicon 0*038 per cent. Phosphorus 0*016 per cent. Sulphur 
O-O) I. Nickel nil. 

Carbon was not determined analytically, for its distribution in the 
metal, as shown spectrograph! call y, was so variable that aft average value 
is of little or no significance. It will be seen that the metal is very pure, 
and there is comparatively little tinder; about half the chisel consists 
almost entirely of ferrite. The steely portions of the chisel consisting of 
pcarlite and ferrite, or pcarlitc and ccmentite, appeared to vary from j 
dead mild steel to a high-carbon steel; the highest estimated carbon content 
observed was 1*3 per cent. About one-half of the chisel-edge consists of 
martensite and troostite, indicating that the edge of the tool has been 
heated approximately to goo” C, t and then quenched in water. The 
absence of carbon in the other half of the cutting-edge nullified the 
hardening process locally. The report makes it clear that the hardening 
process had been confined to the cutting-edge. The authors made various 
hardness determinations with the Vickers machine. The average value of 
hardness in the metal comprising the body of the chisel, compared with 
the carbon contents roughly estimated from the structure at the points o! 
indentation, are given as; 

Carbon (per cent.) . , 0-0 o-J 0*2 0 3/0-4 05/0-6 1-3 

Hardness. V.P.N. . . *36 114 149 169 S14 233 

On the whole, these figures agree with the values to be expected, 
though the hardness of the ferrite is higher than usual in unstrained metal. 
The deformed metal where the head of the tool has been hammered is of 
greater hardness, being ziz where the structure consists of ferrite only, 
and 21 fi where about o-t per cent, of carbon is present. The authors' 
remarks upon the heterogeneity of structure arc of interest concerning 
the iron produced from the primitive smelting furnace: 

In these, small blooms of pasty metal mixed with cinder were obtained, which 
with much hammering and many re-heatings were wrought into shape, Complete 
separation of cinder from metal was impossible, ami the varying con dir ions in 
the furnace made it inevitable that some parts of the metal should be richer in 
carbon than others. Later forgings, though tending to equalization in composi¬ 
tion, still left the metal streaky, bands of iron and of steel of varying composition 
alternating with one another. 
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White it is dear that the smith knew of the effect to he obtained from 
quenching, and possibly even aimed at some measure of tempering (com¬ 
pare with Carpenter and Robertson 1930, specimen No, 9, Egyptian 
axe), the Chesterholm chisel cannot be considered as a satisfactory piece 
of work. Because of the omission of adequate preliminary carburization, 
and the great variation tn carbon content in different parts of the metal, 
about half the cutting-tdge is martensitic with a hardness of 464 to 579 
Vickers (say around 430 Rrincll), while the other half consists of soft 
iron with a hardness of only 138 Vickers. 


Steel Chisel. Cray he, Eaiingwold, Yorkshire* Period, Viking, 

Report, by Dr. J. A. Smythe in Hull Museum Publication, No. z 12, 
1941, in a note, ‘Metal objects made by the Vikings', by Thomas 
Sheppard. 

’Cross-sections near the head, and side faces near the cutting-end, were 
examined met allograp hi tally. Near the head the metal consists almost 
entirely of sted containing 0 9 per cent, of carbon, in the condition, 
me (allograph! call y speaking, of sorbitic pearlife. However, there are 
patches of different composition, one containing about 0*4 per cent, of 
carbon, the other 1 -2 per cent, of carbon, and each of these shows a 
well-marked Widmanstatten structure, which is evidence of heating to a 
high temperature, possibly i,oeo a C, The hardness of this metal varies 
from 238 to 283 Vickers Pyramid Number. Near the blade of the tool, 
the structure is that of 3 quenched, high-carbon steel, consisting largely 
of martensite. The hardness is variable, but much higher than at the 
head, rising in places to the values 657, 782, and 870 V.P.N. 

‘It may be remarked that there arc two essential processes in producing 
such a tool from wrought iron. The iron must first be carburized to a 
fairly high degree, and it must then be quenched from a temperature of 
75 ° J o'" above that. With respect to the carburization, this appears to 

have been done very satisfactorily, the average carbon content being that 
of a cut veto id steel (0*9 per cent, of carbon), considerable uniformity 
having been attained throughout, having regard to the fact that the steel 
was never melted. The hardening has also been skilfully done. It is dear 
that the tool has been heated to about i,ooo°C. and'only the cutting 
end hardened by quenching in water/ 

The very high hardness figures at the blade will be noticed (compare 
with the Danish battle-axe of a.d. 895-6), and it would appear that the 
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temper had not been ‘let-down*. Such a chisel would probably be too 
brittle for average heavy service upon the harder metals. 


Egyptian Sickle. Period, Roman, c. 2nd-jrd century a.d. 

Report. Carpenter and Robertson. 1930. Specimen No. t. 

The microstructure of the sickle blade was found to he typical of a low 
or medium carbon steel in the quenched and tempered condition. It was 
estimated that the carbon content varied from about 0-5 per cent, in 
areas of large grain size to about 0-35 per cent, in areas of small grain 
size. In the portion of the blade which was examined, the tempering had 
been carried out at such a high temperature that a very poor result was 
obtained. The BrinclJ hardness of the blade was only j j6, and was not 
much harder than the back of the sickle, where the hardness was 96. 
Properly quenched and tempered, steel of the composition of this sickle 
should, of course, exhibit far greater hardness. As the authors state, 
the quenching and tempering had definitely spoiled the quality nf the 
blade. 

Tempering may approximately be controlled by observation of the 
oxidation colours, and without this guide the chance of successful temper¬ 
ing would indeed be remote. Even w ith modern know ledge ot w hat the 
colours mean, it is quite easy to miss, or pass, the desired colour, and so 
have to repeat the whole operation in order to obtain a correct temper. 
Although he missed the temper, the smith who made this tool knew how 
to make comparatively pure and ductile iron and medium carlwn sted. 
He also knew how to harden this steel by quenching and, further, how to 
reduce the hardness by tempering. 


Tanged KstXE. England* FrilforJ, Berks. Period, 3 rd-\th century a.d. 

Report. Stewarts and Lloyds. For Pitt Rivers Museum, 

Plate XIII, Figs, 1-3* and pp. 189, 204. 

The bulk of this blade had been converted to iron hydroxide, the 
only solid metal remaining being at the tang. Hence, an analysis was not 
possible, nor any determination of such matter* as heat treatment, etc. A 
transverse cross-section showed a piled wrought structure and no doubt 
carburisation had been used to increase the carbon content of the material, 
but no evidence was obtainable to indicate further stages. 
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Tweezers and Staple. Egypt t Harageh. ?mW, Roman, 

Report. Stewarts and Lloyds, For Pitt Risers Museum. 

Plate XII, Figs. 2-3, and pp. 188, 204. 

This small Roman tweezers was examined in order to sec if any special 
tempering was carried out in making the tool. The staple was examined as 
an example of Roman iron used for a non-cutting implement. The report 
states that the tweezer blades arc made of a carburized wrought iron 
(carbon approximately O’t 5 per cent.), with a Vickers hardness varying 
from 154 to 176. No special hardening technique appears to have been 
resorted to, but the medium degree of hardness attained should be quite 
well suited to give the springy material so necessary in a tweezers, and at 
the same time avoiding failure of the metal due to over hardening with 
consequent brittleness. 

The staple was found to be made from piled wrought iron which car¬ 
burization has brought into the range of a 0-25 per cent, carbon steel, 
the hardness varying between 189 and 336 Vickers. Such material 
should be well suited for a staple which might have to withstand consider¬ 
able resistance while being driven home. 

Shaft-hole A,xe, Pngs and, Sikhester, Hants, Period , Roman. 4 th 

century. 

Report, Stewarts and Lloyds. For Pitt Rivers Museum. 

Plate XIII, Fig. 4; Plate XIV, Figs. 1-3, and pp. 189, 204. 

It was hoped that this very fine specimen of Roman shaft-hole axe 
would exhibit the technique of quenching and tempering. However, as 
Messrs. Stewarts and Lloyds' technical report shows, such was not the 
case, the hardness near the edge of the blade being only in the neighbour¬ 
hood ol i 18 to 21 o Vickers. In such a tine specimen it is perhaps surpris- 
ing that the Roman smith should have been content with such moderate 
hardness for the cutting-edge of the too!. It is possible that it never was 
used, and would have been heat treated before being put into service. On 
the other hand, Mr. Whitaker has commented upon this point, saying, 

I he hardness figures we quote art as reasonably rear the edge of the blade as 
we couid get, ami, ni course, an axe with such a hardness would necessitate 
frequent sharpening. On the other hand, the carbide rich zones would give some 
measure ofc resistance to wear, particularly aj the grain size tn these areas is ex¬ 
ceedingly fine. The damascene sword blades discussed by Colonel Bdaiew in 
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the Iron and Steel institute Journal 0/1918, No. 1 and t^ii, No. C are hyper- 
eutcctoid carbide steels with quite low hardness, the wear resistance being given 
by che carbides. 

It k also quite probable that the user of the axe would have kept the 
cutting-cdge in order by means of some measure of hammer hardening 
upon a held or other anvil. As we have mentioned elsewhere this is a 
well-known and undoubtedly ancient technique. 

Tanged Knife. Egypt, Oxyrhynchu* Period, Roman , 

Report. Stewarts and Lloyds. For Pitt Rivers Museum. 

Plate XL and pp. 187, 203. 

This blade has been built up from a large number of faggots of wrought 
iron which had been forge welded in piles, leaving a blade exhibiting a 
wavy flow pattern. Numerous slag inclusions had not been expelled 
during the welding and forging. The material is exceedingly pure base 
wrought iron with a very low carbon content. No attempt was made to 
carburize or harden and temper the material. Neumann bands arc ob- 
served in the ini (.’restructure, and have been formed by hammering the 
blade cold, after the hot forging. Such cold working is, of course, to 
increase the hardness which varies between 1 13 an< ^ Vickers. Such 
hardness is typical of a modem low-carbon mild steel, and is harder than 
a normal wrought iron. 

Shaft-hole Axe. England, Reading, Berkshire. Period, iaxan. 

Report. Stewarts and Lloyds. For Pitt Rivers Museum, 

Plate XIV, Fig. 4, and pp. lqo, 204. 

As an example of Saxon metallurgy, this axe does not attain a high 
standard. The axe has been forged from a piled structure with layers of 
varying carbon content, but the hardness of the edge is only 154 t0 S 
Vickers, and there is no indication of quenching and tempering. While 
the carbon content taken from drilling from the Heavy portion of the 
section near the socket w T as 0*23 per cent., it is interesting to note the 
extremely low carbon content ot below o - ©4 per cent, close to the edge 
of the blade as a result of prolonged heating which Has dccarburized the 
thin portion of the cutting-edge. Also, that the presence of Neumann 
bands in the ferrite grains shows the cutting-edge to have been heavily 
cold-hammered. There is no sign of quenching and tempering and ibis 
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axe would certainly not hold a sharp edge. It b clear that the smith was 
working in the dark, and had no skill in empirical methods of hardening, 
otherw ise he would not have spoiled the cutting-edge of the tool through 
excessive decarburixation. The heavy cold hammering, as indicated by 
the presence of Neumann bands, was probably an attempt to render an 
unsatisfactory tool in some measure serviceable. 

Battle-Axe. England , Essex. Period, a.d. 895 - 6 . 

Report. Stewarts and Lloyds. For Pitt Rivers Museum. 

Plate XV t and pp, 191-2, 204-205. 

This shapely battle-axe is a fine example of smith’s work. It is properly 
quenched and hardened as indicated by the Vickers hardness figure of 
450 tor the cutting edge, as compared with a figure of t 6o to 170 for 
the body. The axe has been made from low-carbon (0*049 per cent.) 
sponge iron. A feature of interest is the relatively high hardness of the 
body which is due to the high phosphorus (0*445 cent.) content of 
the iron. To render it suitable for hardening, the cutting-edge has been 
locally carburized. In manufacture, the iron has been piled and re¬ 
peatedly torged from faggots of sponge iron; the fibre or grain flow being 
parallel with the cutting edge. The shaft socket has been formed by 
lapping over a tongue from the forging, and forge welding tins to one 
side of the blade. While it is not, of course, in the same class as q fine 
damascene sword, we may say that this Danish axe sets a high standard 
of ordinary work. 


Spear. England, Reading. Period, Viking, 

Report. Messrs. Alfred Herbert for Reading Museum (Becnv 1950 
No. 199). 

This spear was examined because it exhibited a stippled or herringbone 
pattern. Evidence was obtained that the pattern had, in fact, been inten¬ 
tionally w elded into the blade, and it could be classed as a simple example 
0} pattern welding. A cross section of the spear reveals that the weapon 
has been compacted from about twelve longitudinal rods, apart from the 
stippled layers, f he central regions of the spear contain little carbon and 
are very soft (97-4 D.P.X.—1 kilo load), whereas towards the blade edges 
the metal has as much as 0 45 per cent, of carbon, and the hardness is 
consequently greater (219 D.P.N.-i kilo bad). The hardness readings 
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vary with the carbon content and there is no evidence of any attempt to 
harden the steel by quenching. 

Socketed Arrow. England, Woodeaton, Oxon. Period, Mediaeval* 

Report* Stewarts and Lloyds. For Pitt Rivers Museum. 

Plate XVI, and pp. 192, 205. 

This barbed and socketed arrow has been made from wrought iron 
with only 0*05 per cent, of carbon. No attempt has been made to harden 
the arrow, nor would hardening be possible with such low-carbon 
matenal. The socket portion has been formed from thin wrought iron 
sheet wrapped round a pointed former. The barbs and point of the arrow 
have been imperfectly forge welded on to the socket. The Vickers hard¬ 
ness varied between 115 and 153, One would expect an arrow of this 
period to be of purely 'utility’ manufacture. This specimen is a poor piece 
of work, although no doubt quite good enough for an arrow, but of little 
interest in the evolutionary series. 

From the foregoing account ot analyses the first point which will be 
noticed is the very early appearance of carburization, and the very 
appreciable increase in hardness of the metal so obtained. When we 
remember that an average hardness for wrought iron is about too Brincll, 
and that many modern low-carbon mild steels have a hardness of from 
no to 150 Brinell, it will be seen that a very appreciable increase in 
hardness had been attained in the two Egyptian knives of about 1200 S.c. 
These two specimens show that (he smith of tliis early period had made 
considerable progress, and could already make hard and useful iron. 

The second step of great importance is the introduction ot quenching 
the carburized iron or low-carbon steel, T his we find in the two Egyptian 
axes dated to about tjoo b.c. In one of these axes (Carpenter and Robert¬ 
son, specimen 9), heat transfer from the body of the axe gave a temper 
which left the cutting-edge with the remarkable hardness of 4.4+ Blind 1 , 
which is approximately equivalent to the hardness ot a modern carbon- 
sred cold chisel. The Egyptian axe Is indeed a most remarkable achieve¬ 
ment for 900 H.c, In a measure this result was no doubt accidental, tor 
the hardness of the other Egyptian axe of 9®® b.c,, which was treated in 
a similar manner, did not exceed 229 Brincll. In the Egyptian chisel ol 
700 b.c. hardness docs not exceed 302 Brinell, w’liilc the Roman sickle 
of the second to third century a.d. had been quite spoiled in an attempt 
to temper it. Even during Roman times it does not appear that there 
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was any uniform application of hardening to the various cutting tools in 
use. One would expect a razor to be hardened by quenching, but such 
was not the case with a razor of Roman period from Stockstadt am Main, 
Germany, which was subjected to mctallographic examination which 
showed that the material had been treated by a cementation process, but 
was not hardened. 1 Not until we come to the Danish battle-axe of a.o. 
890 do we find really satisfactory hardening and tempering. When it 
was found that quenched iron, or rather quenched steel, was too hard and 
brittle for normal use the natural reaction of the smith would have been 
to try heating, so long associated with the softening of copper, and he 
would find that this did indeed soften his quenched material. We do not 
know' how and when He discovered the colour guide to the temper ranges 
which are so necessary to control the temper. Of ail the heat treatments, 
this operation would he the most difficult to perform, and for a long time 
its successful application may have remained the secret of a tew smiths in 
selected regions of advanced metallurgy. 

The preparation of a forging by forge welding together a number of 
layers or laminations of wrought iron, so giving a piled or compacted 
structure, was a most important aid to good carburization. It is note* 
worthy to find this practice attested so early as the eighth century b.c. 
(in the tripod from Nimrud), followed by the fine spear from Devc 
Hiivuk, in Syria, at 600—^00 me. After this time, no doubt, piled 
wrought iron was frequently used for making good quality tools and 
weapons which required to be hardened. Concerning forgings made 
From piled wrought iron, Mr. Whitaker has kindly given me a most 
interesting note: 

During heating for forging iron is preferentially oxidised to the copper, nickel, 
arsenic, phosphorus and other dements present even in small amounts which are 
less easily oxidised, so 1 hat the surface of the heated iron becomes enriched in 
these less easily oxidised dements. After manv heatings the immediate surface of 
the iron can become so enriched that the analysis of the surface is very different 
from that nf the main mass. After welding and piling the pilings can be counted 
and the resulting water markings or How pattern dearly seen. See our rq>ort on 
the Syria, Devc Htlyttk spearhead. Fig. 44, and the Sikhestcr Roman axe, Plate 
XIII, Fig. +. This surface enrichment due to the preferential oxidation of the 
iron sometimes results in iron which docs not scale as quickly or corrode as 
quickly us the base material underneath the enriched surface tavers. For instance, 
it is possible by heating a copper-bearing iron, say with only about 0-3 per cent. 

* See Trtlhtrftr hfu : AVrtr * W TttJMk, D 6; fttmiuid Kcnmuiu, Dir Utatfm Ftr- 

fj&ita dtr Ermsung Uftmitim fiiotj, Akidcmic-VerUj-Bcttiti. 1954, pp, 
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copper tn certain ranges of temperature, so to enrich the surface layers in copper, 
due to the preferential oxidation of the iron from the surface, to form a layer nr 
nearly too per cent, copper on the surface, so that the faggot is coated with 
copper. Sucn surfaces are often very resistant to corrosion. 

7lie specimens at our disposal are too few to permit of accurate conclu¬ 
sions being drawn as to the technical progress made in the various periods, 
but they serve to show the reason for the general expansion ot the industry 
after about 1200 b.c„ and the fact that there was relatively steady progress 
culmi nating in the fine swords of the Hallsutt period. We know that the 
best La Tene smiths were highly skilled in artistic work, but we have in¬ 
sufficient metallurgical evidence about the quality of the La Thvc swards 
to be able to make any general statement. The examinations of La I cnc 
material which- we quote are disappointing in that they do not show any 
exceptionally high standard in iron metallurgy. W'c do not find support 
tor D£chelette"s view that La Tine swords were of highly advanced 
technique. However, without the examination of much more La 1 ine 
iron it would be unwise to be dogmatic upon this particular point. In 
general it is perhaps true to say that, from 1000 b.c., we must await the 
crucible steel of the East, and the damascene and pat tern-welded swords, 
before we find the highest skill developed by the smith, coupled wiih 
really outstanding metallurgical progress. 

In the West, the Roman smiths do not appear to have made very 
marked progress in actual technology, hut rather appear satisfied to retain 
the old and well-established techniques, while much increasing the 
productive capacity of the iron industry. As the following examples 
indicate, it is true to say that by the Roman period very substantial iron 
forgings could be made. 

Kuriy Iron Forgrffgf of Considerable Size 

Perhaps the most famous iron forging of great size is the Delhi pillar. 
The figures given by various authorities as to the dimensions oi this 
column do not always agree, but the following figures given by Richard¬ 
son (J934, p, i|8 i} may he taken as reasonably correct, The shall itsetl 
is ia^ in. in diameter at the top, and l hi in. in diameter at the base. 
It is nearly 24 feet long and weighs by estimate somewhat mote than 
6 tons, The date is usually considered to be approximately a.d. 300, 
Owing to the limited capacity of the smelting and forging furnaces 
available, it is obvious that a forging ol over 6 tons in weight could 
not have been produced from one bloom oi wrought iron. Had field 
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(1912, pp. 153-8) has given much information concerning the Delhi 
pillar which was probably forged together from a number of small 
billets each weighing around 80 to too pounds. The pillar has been 
kept in remarkably good condition, and free from corrosion. Hadfkld 
gives the com position as: 

Carbon o*o& per cent. Silicon 0-046. Sulphur 0*006. Phosphorus 0*114. 
Manganese nil. Iron 99*72. Total 99*966 per cent. 

The material is a very good quality wrought iron, the low sulphur 
content of 0 006 per cent, indicating that a very pure fuel, almost cer¬ 
tainly charcoal, was used in its manufacture and treatment. Wrought iron 
usually contains at least a trace of manganese, but the Delhi pillar did not 
apparently contain that clement. According to Hadfidd, the Dhar, or 
Dhiira, iron column (at Dhar, the ancient capital of Malava, thirty-three 
miles west of Indor) is of even greater size than the Delhi pillar." Three 
existing pieces measure 24 feet, : 2 feet, and 6 feet in length, making an 
original length of some 42 feet. 

In Europe, some large and heavy forgings of Roman iron are known. 
In the Roman settlement at the Saalburg, Germany, a forging of over 
4 feet in length by about 5 in. square was found (Jacobi iSqj: Taf. 
xlvit, pp. 237-8, 25 1, 258, 554). Also, three very heavy blocks of Iron 
were found which had been used as window frames. Of course, such 
could not have been their original purpose, and they have the appearance 
ot perhaps being rough-outs for making unusually large and heavy an¬ 
vils, Another very large piece of iron is the anchor from Lake Nemi in 
Italy* This anchor belonged >to a boat which has been ascribed to the 
Roman period. It was apparently forged from three billets and the whole 
weighed about 1,275 pounds (Spezialc 1931, pp. 309-20; Calbiani 
T 939 i PP- 359 ~ 7 °)* At one time, what was thought to be the largest 
known mass of Roman wrought iron was the bloom found on the site of 
the Roman Corstopitum, near C orbridge on the north bank of the river 
I yne (Bell 1912, pp. 118—35). Was found in what appeared to be a 
reheating turnace, and measured 39 h>* in length. It is approximately 
7 in, by 8 in. at one end, tapering to 5 in, by 4I in, at the other end, and 
weighs about 340 pounds. I be bloom had been built up by forge welding 
together a number of smaller sections which, according to Stead's exami¬ 
nation, did not exceed 3 unit weight of 40 pounds. The whole block was 
probably used for an anvtl. Analyses of the Corstopitum bloom gave the 
following average composition: 
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Chennai analysis, average, by Dr. j. E. Stead. 

Carbon 0*097 per cent. Manganese 0*04. Silicon, 0*046. Sulphur o*oa£. 

Phosphorus 0*044. Copper o-oi. Arsenic 0-049. Cinder 0*380 per cent. 

Even larger blooms of Roman iron have been found at the Roman 
Villa, Chcdworth, near Cheltenham, Gloucestershire, of which the Cura¬ 
tor, Mr. Norman Irvine, has kindly furnished the following particulars. 

[11 the museum at the Chedworth Roman Villa there are three large blooms of 
iron. There cannot be much doubt that the blooms are ol Roman origin as they 
were all found in a chamber in the north-west corner of the Villa, and there is 
very little evidence of a later occupation ot the Site, 1 he Jollowing am the weichts 
and dimensions of the blooms, The dimensions are given to the nearest half mch 
for length, and quarter inch otherwise. The weights arc taken from an old guide 
book and due to loss- by ru&t and scaling they iurc now perhaps on the high svdc T 
especially for numbers Z and 3. 

No. t, Length 63!'. ftf’ x 6|\ Weight 484 pounds. 

Shape, Like a dgur. Centre portion of ‘square’ section with unequal taper to the 
ends. The cross section is circular at, and near, the ends. I his is the best bloom, 
and appears to be in original condition. 

No. 1. Length 37L 7i* x 7f\ Weight 356 pounds. 

Shape. Square section right through with slightly enlarged ends. One end is in 
original form, the other end evidently had been broken to provide metal tor some 
purpose. The break appears to have been made cold . 

No. 3. Length 37$'* 6*' * 6*'* Weight a56 pounds, 

Shape. Roughly of square section. T here ts a slight taper from one end to the 
other, the larger end shows a fracture similar to that of No. 1. 1 here appears a 
possibility that this bloom is half of an original similar to No. 1* 

Wootz. Steel and the Damasttne Process 

Finally, some reference must be made to the various damascene 
processes and their relation to YNootz steel of ancient origin. 'T <%is is a 
complicated matter which has occasioned some measure of confusion in 
archaeological literature. A complete discussion of the various processes 
would be impossible within the space at our disposal; hence, the follow¬ 
ing notes must be limited to a general description of the major techniques 
employed. Given appropriate heat and mechanical treatment 1 . 

ancient Indian crucible sted, furnishes a true damascene pattern. Of this 
Professor Dcsch (1937-^ p. 19O ^ 

The true Eastern Wootz process was essentially a crucible process. 1 he 
material was enclosed in a kind of crucible and was run down into a cake, 
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which had to be exposed to a blast to render it malleable_The true Damask 

steel was obtained first in the molten state; the very coarse crystals were formed 
in the molten mass and were forged out at a low temperature. Thai was quite 
different from the false Damask, which was made by welding together soft and 
hard steel. 


We are j ustified in referring to the damask of the Wootz steel as a true 
damask, or damask of crystallization. Again, we also have the damascene 
patterns which were made by welding together either soft and hard steel, 
or pure iron and carburized iron. Also, there is the delicate forging opera ’ 
tion which has been termed by Mr. Maryon ‘partem welding'. Finally, 
there is the false damascene effect which may be obtained by chemical 
surface treatment of the metal, 

Rickard (1932, ii, pp, 863-5) considers that the earliest real steel was 
probably the Indian steel known as Wootz. This steel was exported from 
Mysore, possibly even before the beginning of the Christian era, and 
may have been known to the Roman world. It was smelted from natural 
magnetite sand, or some similar material, which had been washed and 
ground to a small size. 

From Rickard’s account it would appear that two processes were in¬ 
volved, first a smelting operation, and secondly a crucible process. The 
smelting was earned out in a small furnace about 4 feet in height char¬ 
coal being used as fuel and no fiux added to the charge. The furnace was 
ot the usual rather conical form with day tubes inserted near the base of 
the furnace to serve as blast nozzles which suppEcd forced draught. Slag 
was tapped at intervals during the course of smelting. The bloom ob¬ 
tained as a result of the smelt was a malleable iron with much included 
ihg, so far as possible the slag was expelled by heating and hammering 
subsequent to the smelting. The efficiency of conversion was very kJ 
a magnetite with an iron content of 72 per cent. Yielding only r <■ 

r igbt | m b *i l r ° n * thc Cmdbic ^e refined iron 

wL lt h intn? n n bUmtd f !° m th . C sn,cl£in S hammering operations 
ivas cut into small pieces; these pieces, to a weight of about 2 lb., were 

packed into day crucibles in which some dry wood and green leaves 

wkh clav Of t -, BCforC firing ’ * he crudbIcs werc * of course, scaled 
with day. Of thc subsequent operation Rickard says; 

for li hours; .hen the crucible* wore removed, Slowed (o 
yreldmg eke. of stool. These eskes were then' hostedfa 
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temperature just below melting, during which time they were turned over in a 
current of air from the bellow*, so as to expel any excess of carbon and to produce 
a low fusing point. Finally the cakes were hammered into short bars ready for 
sale to the traders. 

In a later paper Rickard {1939, pp. 100-1) again mentions Wootz 
steel, and points out that the Damascus blades, long associated with steel 
of ancient origin, were made from Wootz steel of Indian origin. Rickard 
says that the steel was made by the Chera Tamils in Hyderabad, and was 
exported from India shortly before the Christian era. It would seem that 
the cakes of steel obtained from the crucible process contained 1-33 per 
cent, of combined carbon, and 0*31 per cent, of uncombirted carbon. 
For export, the cakes were no doubt forged into short bars. 

Richardson (1934, pp. 580-1) is in agreement with Rickard in con¬ 
sidering that Wootz steel was made from the black magnetite sands of 
Hyderabad, that it was exported, and was much prized by the Romans, 
He differs from Rickard in thinking that the manufacturing process was 
entirely a crucible one. In Richardson T $ own words: 

The charge, consisting of black magnetite ore, bamboo charcoal arid the green 
leaves of certain carbonaceous plants, was sealed in a crucible made from native 
clay. Several of these would be set in the hearth which was then filled with char¬ 
coal and the furnace lighted. Gradually raising the temperature to a point when 
the charge became molten (approximately 3000 deg. r'.), an iron-carbon alloy 
was thrown out of solution and solidified in mass at the bottom of the crucible. 
This metallic button or mass, mechanically separated from its slag, was then 
alternately melted and cooled again four or five times, each complete operating 
cycle requiring a day. Then in round cakes about five inches in diameter and 
one-half inches thick, each of them weighing approximately two pounds, ihe 
metal was carried overland by caravan to the arms-making centres of western 
Asia, or if for export, to the various shipping points, A long normalising treat¬ 
ment preceded the forging operation wmch was done with great care, flowing 
the metal in two or more directions with light blows of the hammer. After pro¬ 
longed annealing the blades were quenched and drawn to the desired hardness, 
then polished and etched. This last operation brought to the surface the damask 
inherent in the steel; and its pattern and background colour determined the 
quality. 

Also made by a crucible process is the Persian steel, but in this the 
charge, which was treated in crucibles, was wrought iron and charcoal. 

Forbes (1950, pp. 410, 437-8) mentions the production of Wootz 
steel through smelting the contents of day crudbles which before sealing 
were charged with black magnetite ore, bamboo charcoal, and leaves 
of certain carbonaceous plants. As wc have previously mentioned, this 
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opera lion gave the \V00t2 cake of steel. In a subsequent operation to make 
the Damascus blades the cakes were forged by flowing the metal in two 
or more directions, annealing* quenching* and tempering. Finally, the 
damask pattern was brought out by polishing and etching. Forbes points 
out that there are different descriptions of the Wootz process. For in¬ 
stance, h re (Dictionary, vol. ILL, 1867, p- 764) considered the ore to be 
first smelted in a bloomery furnace using charcoal as fuel, and with 
forced draught supplied by means of bellows ending in bamboo tubes 
feeding tuyeres of clay. As described by Rickard, a crucible process then 
gave the cakes of Wootz steel. If the steel was not for export, but was 
worked on the spot, it was frequently forged and then polished and 
etched with acid to bring out the damask pattern* afterwards being 
glowed at a temperature not exceeding yoo e C»* and allowed to cool 
slowly. 

From these various accounts of the making of Wootz steel* it will be 
observed that the process is a complicated one and must have been of 
long standing* the result of many years of experiment* trial* and error. In 
view of the technical difficulties of the process, and of the reference to 
alternate melting and cooling of the steel* it appears impossible that such 
steel should have been made in pre-Roman times. Concrete dating evi¬ 
dence appears to be absent* and one mav well doubt if the whole tech¬ 
nique was known to tire Roman metallurgist. The production of the steel 
itself was far from simple, and the discovery of the subsequent technique 
of cross forging and etching in order to give the damask pattern would 
be noteworthy even in the Middle Ages. 


Damascene Step! 


Thanks to the valuable restarch of Col. N, Bdaiew f tot8, pp. 417- 
?7), the methods by which the damask patterns are produced on some 
steeb oi ancient origin have been made dear. According to Bdaiew there 
were three modes of making the true damascene steel: 


•kM-S.- 4 * by a ” m ‘ pnxe5s pu " 

^ i!r h piumW^r !£,n ' Herethc Crudblc char s c was of iron bars and charcoal 

H A trcatmcnt of «cd,- resembling very prolonged tempering. 

A real damascene steel with its macro-structure appearing on a polished 
surface must not be confused with a 'wrought* da4sk which has been 
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produced by welding together a compound of iron and steel bars and 
wires. Full particulars and technical details of the damascene steel made 
hy Bclatcw will he found in his paper for the Iron and Steel Institute. In 
essence, the steel was prepared by placing a mixture of soft iron and 
graphite in the crucible which was heated for a period of more than two 
hours after the charge had melted; the damper was then closed and the 
hearth plastered up so as to retain the heat. Hence, the alloy cooled down 
slowly in the crucible together with the furnace. Such delayed cooling is 
an essential feature of the process in order to obtain the desired crystalline 
structure in the steel. The alloys prepared by Belaiew in this manner had 
carbon contents ranging from 0-45 to t*8o per cent., and even more. A 
fine Oriental blade with a large motley pattern showed the following 
composition upon analysis (Belaiew, r9p. 427, and Fig, 2). 

C Mn Si S P 

1-49 o-oS 0-005 0*05 o-to percent. 

Analyses of other blades showed the carbon content mostly between 
t’ZO and j-8o per cent, with, in a few cases, occasional drops to hypo- 
eutedthh with o-6o to 0*80 per cent, of carbon. Not only had the compo¬ 
sition of the steel from which the ancient Oriental damascene blades were 
made to be within certain limits, but the further heat treatment and 
forging were of the greatest importance. On this point Belaiew stated that, 

The alloys were, first, pure iron carbon alloys, mostly hypercutectoids an.! very 
rich in carbon; secondly, they were alloys of crucible steel, subjected to the 
highest possible degree and duration of heating and then slowly cooled down 
together with the furnace; thirdly, they were forged, quenched, and tempered 
very carefully, and never exceeding certain limits of temperature. 

A very great amount of mechanical treatment, or forging, was expended 
on the best class of Oriental blades. According to the quality of the 
damask, and the skill of the workman in forging and cross-forging, wavy, 
motley, and vertebrae patterns were produced. Apart from the beauty of 
the finished work, damascene steel had also exceedingly practical advan¬ 
tages. When properly made, the steel was very strong and possessed a 
very high clastic limit. For instance, a good, blade could not (in the ordi¬ 
nary sense of the term) be broken by bending, it could be hem to a right 
angle without breaking or losing its elasticity. Again, owing to it> temper, 
an unusually sharp and durable cutting edge could be imparted to the 
blade. 

In a contribution to the discussion upon a paper by C. H. Dc&ch and 
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A. T. Roberts (1923) entitled ''Some Properties of Steel with Globular 
Cementite*, Colonel Belaiew made the following remarks which further 
clarify the technology of damascene steel. 

On two occasions, the authors (Desch & Roberts) stated, they were unable to 
develop the damascened structure, in spite of the fact that the cementite was 
entirely spheroidised. The structure of the damascened blades, however, was not 
the result of the spheroidised structure of the cementite panicles; their structure, 
as was known from the blades in several collections, was the result of the primary 
structure of the damascened cake. There must be a certain agglomeration of 
masses of cementite parallel to the axes of the primary crystals in’ order to show 
that structure alter forging. He suggested, therefore, that one of the possible 
reasons why the authors were unable to develop the damascened structure was 
that the primary structure and the axes of the crystals were not sufficiently 
developed, l lte old Indian maker was always at pains to produce, first of all, in 
his damascened cake that primary structure, and only afterwards, with infinite 
pains, did he try to forge his disc in a certain manner to develop that redistribu¬ 
tion of the axes ol the primary crystals which would show the wavy structure. 
The mechanical properties of damascened blades were due, to some extent, to 
that primary structure, and that was the reason why the damascened structure 
always appealed so much to the Asiatics, and to a certain extent even to Western 
metallurgists. 

1 he importance of the microstructure, or the importance of getting the 
cementite spheroidised, lay in the fact that the carbon content in the old dama¬ 
scened blades was so high that it was impossible to forge such high carbon steel 
when the cementite was in needles in such big agglomerations, it was quite im¬ 
possible to forge the steel with all those protruding needles, and, in order to be 
able to forge such a blade, it was first imperative to spheroidise the cementite. 
That spheroidmtion of the cementite was carried out quite fortuitously by the 
subsequent forgings and heatings which formed 1 part of the old process. It was 
impossible to torge a large, or even a smalt, cake at once, because the heating 
arrangements were deficient; the temperature would never exceed, say, 800° C, 
and, during the forging, it would cool down after a few minutes. The first forg¬ 
ing, therefore, would only result in that preliminary breaking up of the cementite 
lamellae. Afterwards, when the cake had cooled down, it was reheated and forged 
again and again, and all these forgings and heatings (which were applied, of 
course, quite unconsciously by the old smith) resulted in the breaking up of the 

cementite needles and the sphcroidisation of the cementite_In many tools, if 

the carbon content was high, the maker was, consciously or unconsciously, 
gening that damascened structure of spheroidised cementite, and the same was 
true lo a certain extent in the case of alloy tool steels. ... The structure of many 
blades and many tools, when their carbon content was high, was exact! v the same 
structure as was unconsciously arrived at in India and' Persia many thousand 
years ago. 

As we have seen, the ancient Indian crucible steel known as VVootz 
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became known to the Romans, Clearly, it was highly prized, for a pure 
crucible steel would have been far in advance of any of the wrought 
irons, or semi-steels, of the western countries. Made from the same Indian 
crucible steel, true damascene steel probably did not appear in V estern 
Europe until the Middle Ages. In spite of the fact that the basic material 
for making damascene steel was possibly known in India even before our 
Roman period of the Wert, it is not surprising, when we consider the 
complex and controlled metallurgical and mechanical processes required 
for the production of a true Damascus steel, that its appearance in Europe 
may well have been delayed until much later times. In the author s 
opinion it is a matter for wonder that so elaborate a technique should 
have been evolved so far in advance of modern knowledge ot the struc¬ 
ture and properties of steel. 

Pattern IPtiding mid Damascene Steel 

A very complex forging technique, and one of extreme difficulty of 
execution, is known from about the third century a.d. to the V iking 
period. A large number of iron swords excavated during the years 1858 
to 1863 from Nydam Moss, Schleswig, Denmark, were found to be 
decorated with twisted patterns giving a herringbone effect, the pattern* 
being wrought into the material of the sw'Ord itscli. 1 his particular 
technique has been investigated and termed by Mr. Maryon pattern 
welding'. A sword of Nydam type has been recovered from Ely 
Fields Farm, near Ely, Cambridge, and has been reported upon by 
Maryon (19*3-7, pp. 73-76). In general, the decoration of these swords 
is formed by a central 'band, or bands, composed of twisted rods, or 
bundles of flattened wire, running parallel down tlic length of the blade; 
the cutting edges, core, and twisted strips are welded together in one 
mass. The Ely Fields sword was composed of members forming the two 
cutting edges, then a separate core, and on either side ot the blade the 
decoration formed from four twisted rods or bundles of strip. In the 
course of his research Maryon made experiments to copy this sword, and 
the extreme delicacy of the work is well indicated by lus remark; llic 
strips for that work must have been of metal not thicker than ot an 
inch. And, moreover, careful examination shows that about two-fifths of 
the outer surface of the twisted rods was ground away alter the welding 
was completed. This would be done during the grinding and polishing of 
the weapon/ As Maryon points out, the welding of these swords was 
excessively difficult, and it is indeed hard to see how complete iusion of 
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the delicate strips which had to form the pattern was prevented. Today, 
such delicate work is a lost art. 1 

hi 1950 the Ancient Metallurgy Committee of the Royal Anthropo¬ 
logical Institute arranged the examination on behalf of the Reading 
Museum and Art Gallery of a Viking period spearhead, probabty de¬ 
rived from the bed of the River Kennet at Reading, which exhibited a 
herringbone pattern. Various points of interest were brought to light by 
the report (lieeny and Collins, 1950). hirst, it is of interest to note that 
very thin strips of soft steel were used for the decoration. These rippled 
strips running down the spear averaged about 0-015 inches in thickness, 
but in places increased to 0-025 inches. There was no orderly twisting of 
the strips as in the Nydam swords to account for the rippled pattern. 
Secondly, examination of a cross section of the spear revealed that the 
weapon had been compacted from about twelve longitudinal rods, apart 
from the stippled layers, ft is not easy to see why the smith should have 
built up the central core of the spear from various layers of very soft low- 
carbon iron unless this technique be due to a desire to obtain a better 
penetration of carbon {by forging, or even by a cementation process) 
than could have been achieved had the spear been made from a solid 
forging. It is clear that a relatively high carbon content could be imparted 
to a number of thin laminations, and therefore a temper giving the 
spring-like steel so desirable to a good sword or even spear could be 
attained. 

A structure compacted from a number of laminations is known in other 
contexts. In a -pear from Deve Hiiyuk, Syria, daring to 600-500 eu\, 
it is estimated that the blade was built up from about fifty layers of sponge 
iron plates {see Cap. V II, pp, 1 37-8).* Again, in more recent times the 
compacting method was highly developed in the manufacture of Japanese 
swords. Dr. Ctukashlgc (1936, pp. 90-92) speaks of a very great number 
of laminae in certain swords of high quality. I he Reading spear does not 
appear to be pattern-welded in Maryon’s sense of the term, but it may 
well be a degenerate form of the technique. 

Damascene patterns exhibited by certain Merovingian and Carolingian 


Fof * filrth5 / i N cd mum (mr. pp. wi ^ c Tbc fcu^u, 
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swords have been studied hy Albert France-Lafiord (1949, pp. 19-45). 
These swords are made bv a delicate technique of welding and forging. 
On reflection, France-Lanord considered that the hypothesis of making 
damascene blades by surface welding of thread-like elements presented 
considerable difficulties, and a forging test led Him to consider that such 
a procedure would be impracticable for the making of a whole blade. 




Ftc* 4-6, Wilding 1 d ai n Mi r M ™ m * from pure iron folded wish t-irbumcd 
iron^Func^l-anciiii 1949, Pip* 6), 


His view upon the method of manufacture for the Merovingian and 
Carolingian swords is as follows: 

Examination of a damascene blade shows a network of zones of pure 
iron and carburized iron. This network only covers the central part of 
the blade and is sharply separated from the cutting-cdges which arc in 
homogeneous iron. The line of separation between the central zone and 
the cutting edges is a weld; at the centre of the central zone runs another 
weld. Hence, the two cutting edges arc welded to the central damascene 
zone. Also, down the length of the sword the central damascene zone is 
welded at its centre; in certain swords the central zone may be formed of 
two, three, or even four, welds- Micrographic examination (Pi- I, Fig. i), 
showed that ihc metal in the pure iron zones was very pure, containing 
only some small inclusions. The carburized parts appeared as a hypo- 
eutcctoid steel of variable carbon content of o-t to 0-4 per cent., the 
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mean of o-a per cent, corresponding to an extra mild steel. Franctf- 
Lanord postdates that the central damascene zone was made by a 
band, or rod of iron, composed of a laminated structure (pure iron and 
carburized iron), which was bent on itself (Fig, 46), each fold being 
welded to the preceding fold so as finally to form a bar of a certain length 
of which the structure is at the same time stratified and folded. The welds 



F(f„ 4 *■ WtJdhg a hardened truniijg-edge on i rworii (Fnuice-Liourd 1949, Fig. u). 


were perfectly made and difficult to detect ; some could not be seen. The 
bar was much forged and returned many times to the fire. 

To give the bar its laminated nature' before folding it, it could have 
been made of three thin bands of iron of which the surfaces liad been 
carburized during the process of forging. It is also possible that one wide 
band of iron was folded three times in its width, so as to make a single 
bar when forged. This bar would again be folded lengthwise as men¬ 
tioned above. The cutting-edges of the sword, very slightly carburized 
are welded to the central portion (Fig, 47) in such a way as to augment 
the surface of the weld and its solidity; the blade shows a swelling at this 
point. Towards the end of the sword, the cutting-edges join and termi¬ 
nate in the usual point. The metal of which these swords are made is pure 
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iron. No trace of tempering was found in any arm studied, and tempering 
would have been impossible because the carbon content is nor high 
enough. By submitting swords in fairly good condition to dcdection tests 
France-La no rd found that the mean resistance of damascene blades is 2*5 
to 3 times that of ordinary swords. The conclusion is that the long and 
delicate forging and welding work in the damascene blades increases the 
elasticity and resistance. It is not the nature of the metal which is better, 
but the method of working it which enables improved results to be 
obtained. The hardness of the cutting-cdges was obtained by long and 
careful hammering. Recent work (Klindr-Jcnsen 1952, pp. 218-28) 
show's that the Merovingian technique is traditional. In the great deposit 
at Vimose in North Jutland were no less than eighty-four swords, of 
which a number had pattern-wdded blades, and they may be ascribed to 
the Roman period. Examination of a pattern-welded central portion 
showed it to be fashioned of wcld-stcei of two degrees of hardness, hard 
steel being used for the edges and spine of the blade, while the remainder 
consists of layers of hard and soft steel to give the blade strength and 
resilience. According to the author, this examination demonstrated 
methods of manufacture identical with that of the Merovingian 
weapons. 

From the sixth to the eleventh centuries, according to France-Lanord, 
all good swords were made by the above method. Afterwards the technique 
was replaced by steel swords which became general. Nevertheless, the 
utilization of welded damask in quality arms continued through the 
centuries in various countries, and it was thus that the celebrated dama¬ 
scene gun barrels were forged until recent years, in particular in Belgium 
around Liege. At the present stage of our knowledge it h impossible to 
define t he place of origin of the welded damascene blades. Several authors 
have thought they may be of Oriental origin and they have brought 
together the western welded damask and the eastern damask, or damask 
of crystallization, of which Colonel BeUlcw has defined the nature. The 
Oriental blades, of hypereutcetoid steel, have a high carbon content and 
arc forged from a block ol steel made in a crucible. The watered appear¬ 
ance of the surface of the blade comes from the crystalline structure of 
the metal itself. One cannot usefully compare the two techniques, and 
one must admit that the wdded damascene technique examined by 
Frnnce-Lanord is the result, as he *ays, of an evolution made in western 
countries to improve the forging technique and permit the manufacture 
of good-quality weapons from metal which was only iron. 
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The Art of the Sword-smith in yapart 

To conclude our review of the technical art of the smith, it is appro¬ 
priate to mention the work of the famous Japanese sword-smiths. The 
finest Japanese swords are not of such early date as the damascene work 
which we have previously mentioned, but in their basic technique they 
certainly go back to the thirteenth century a.d,, and may well be con¬ 
siderably more ancient.* This work must be classified as of the highest 
quality, and called for exceptionally highly trained and skilful smiths. 
A comprehensive account of the long line of qualified Japanese smiths 
will be found in the work of Joly and Inada (1913, pp. 69 IF.). They 
explain that such swords were forged from iron and steel welded together 
in various ways, the raw materials used being of Japanese origin except in 
the case of the so-called Nam ban Telsu swords. According to the authors 
the iron was smelted from titaniferous ores and from magnetic oxide. 
Charcoal smelting was used and an exceedingly pure metal obtained, 
the small proportions of phosphorus, manganese, and silicon being 
especially noticeable. The final operation of tempering the blade was of 
great importance and it is stated that 

l he aim of the smith was to produce the hardened steel at the edge only, so 
that the blade retained a greater amount of toughness than if it had been hardened 
throughout. Hence the admixture of iron, which docs not harden tn the temper¬ 
ing process, and the use of a protective covering of day (sabidoro) over part of 
the blade before hardening it. In European practice steel blades were hardened, 
then rubbed with some abrasive substance, so that the metal surface became 
bright, and then the temper drawn down to one of the 'colours’ produced by the 
formation of a film of oxide, characteristic of certain degrees of hardness/The 
modern style of scientific tempering consists, however, in raising the metal to a 
definite heat, and in quenching it at that temperature. The Japanese swordsmith 
proceeded in precisely the same manner: the blade was heated over a fir-charcoal 
fire until it reached the desired heat, gauged by its glow and colour. It was then 
quenched. 

The preparation of ancient Japanese sword steel of high quality has 
been very dearly described by Dr. Chikashigc (1936, pp. Sc-ioi), as 
follows: 

A piece of steel is first forged as a foundation, and to this a long rod of iron is 
welded to serve as a handle. Then another piece is heated and quenched in 
water, after which it is broken up and placed on the foundation piece- these are 
then heated and welded to form one sheet. See Fig. 4 0 (after Chikashtec, dia¬ 
grams on pages 90 and 9 0 * The object of this process & probably to produce the 

* The Pin Rircrs Mmctim hu ■ iword by Jyctiungunr, dated about a,b. i ij3 . 
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Isa tropic structure of the resulting steel. 'This sheet Is now notched in the middle, 
the notch being at right angles to the centre line of the handle. Next, one half is 
folded over and the two welded together; this is the first welding of the folded 
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Fic. +8. Forcing Japanese ewordi (Chitahigc 11 j6. pp. 90-91). 


sheet. The sheet is again notched in the middle, but with the notch parallel to 
the centre line of the handle, folded over, and the parts welded as before This is 
termed the second welding of the folded sheet and the process is repeated about 
ten times, resulting finally in a rectangular sheet which may be termed A (sec 
Fig- 4H), Next, a piece of soft iron is subjected five times to the 'welding of the 
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folded sheet’ process, and forged to the same shape as //, but with only half its 
thickness; the resulting sheet is shown as B in the figure. A and B are now 
welded together, forged into a billet and cut into four equal pieces which are 
then piled one upon another and welded together. The resulting block is again 
cut in the middle, piled as before, anti again welded. The forging now consist* 
of sixteen alternating layers of hard and soft steel, The process as above described 
is further repeated, the number of layers being multiplied by each repetition 
and after, say, ten repetitions the steel acquires a fine laminated structure; the 
number of the laminae being as many as sixteen thousand in one inch thickness 
of metal. When the welding has been skilfully carried out the effect of the 



Fie, +g. Forging i Japtueu iwod (CJuLsshigo 1 ^ 36 , p. g+h 


diffusion of carbon is predominant, and apt to cause the !boundaries of the hard 
and soft steel to be obliterated. As a consequence, the laminated structure may be 
almost indiscernible. It was commonly said among sword-smiths that excessive 
repetition of the folding and welding process was rather harmful, 

A complete sword is forged together from three separate sections., 
cover, centre, and edge, 'Hie highly folded metal just described is known 
as ’cover metal’, while the ‘centre metal’ should be composed of soft steel 
alone, which has been subjected to the welding and folding process, but 
not to the same degree as in the case of the cover metal, The edge 
metal is composed qf hard steel. Fig, 49 {Chikashige 1936, p. 94) 
indicates what may be termed the standard method of forging a sword 
from the above-named pieces of steel. Two cover pieces, one centre 
piece, and one edge piece are used in combination, the centre and 
edge pieces being welded together before hand. Next, the three pieces 
are piled, welded together, and forged down to give the final shape of 
the blade. The ideal section of a blade forged in this manner is shown in 
the figure, and the actual section approaches this more or less according 
to the skill of the smith, .According to the school of the sword-smith, 
other combinations for building up the blade may be used. We cannot 
go into detail here, but a discussion of other methods of forging, together 
with macrographs of sections taken from various swords, will be found 
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in Dr, Chikashige's work. To the modem technician, the technique 
described appears laborious and perhaps unnecessarily complex. However, 
it was built up as a result of long experience by master smiths and, with 
the resources available to the smeient Japanese smith, it was no doubt the 
best answer to the mutually contradictory requirements of a really fine 
blade. 
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Chapter VIII 

EXPLANATION OF SOME TERMS USED IN 
DESCRIBING THE METALLURGY AND 
METALLOGRAPHY OF ANCIENT IRON 

Bv I. M. ALLEN 

P c be iron may be regarded as a chemical curiosity, and its existence 
outside the laboratory is almost unknown. Objects which we denote 
by the name iron are in reality alloys of this element containing 
trom o to 5 per cent, of* carbon and usually at least one other major 
constituent, e.g. manganese, nickel, or chromium. Various impurities are 
also present in small and varying amounts depending on the ore, its 
source, and methods used in refining and reduction. 



Fira, s*. s»- «- mil y-iron titiice itToctures tl revealed by X-ray eamtuwutoii. 


1 uo crystalline structures are known for iron, denoted by the letters 
a and y. n-iron possesses the body-centred cubic lattice (Fig. 50) and 
y-iron the face-centred cubic lattice (Fig. 51). The body-centred cubic 
lattice is stable lip to 900* C, Above this temperature, transformation to 

y-irnn occurs, y-ifon is capable of holding carbon in solid solution 1 
(austenite). 

If a specimen of uncorrodcd ancient iron or steel is polished, and cichcd 
with a weak solution of nitric add in alcohol, a characteristic structure is 

1 The fandom iliipcjiicn of orboti tianu in iaU imp, 
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revealed, and this may be seen with the aid of the mcta!!ographic micro¬ 
scope. Each structure is characteristic for a definite range of both tem¬ 
perature and composition (ratio of iron to carbon). 

Iron-carbon alloys containing up to t per cent, oi carbon are shown 
diagrammatical!)' in Fig, 52 (iron-carbon diagram). 

Irvn-Carbrtn Diagram 

It is evident from the metallurgical reports contained in this volume, 
and those of Sir H. C. H. Carpenter and J. M. Robertson (1930, pp. 
417-34), that progress was made in the technology of iron and steel from 
1400 b.c, onward* but until the nineteenth century this knowledge 
remained purely empirical and was governed by a greater or lesser degree 
of chance. By the middle of the nineteenth century chemical analysis 1 * 1 
had been introduced into the industrial study of metals. This revealed 
their qualitative and quantitative composition, but provided no means 
for checking either their imcro- or microscopic structures. Towards the 
end of the nineteenth century vast strides were made in the microscopic 
examination of alloys. This type of examination consisted in studying 
the variation in microstructure which accompanies either an increase of 
the alloying element, or an increase in temperature. Each mier©struc¬ 
ture, as already stated* is characteristic for a definite range of both 
temperature and composition. 1 he results of these investigations have 
been plotted diagrammatically to give ‘thermal equilibrium diagrams* 
(e.g. iron-carbon diagram), and these provide a means by which a micro- 
structure can be checked, and hence the properties ot the alloy arc 
accurately known. 

Characteristic AUcrostructu res 

t. Ferrite, a-iron (ferrite) can contain in solid solution only up to 
0-05 per cent, of carbon; it can, however, retain nickel, small amounts of 
manganese, phosphorus, and other elements. Its structure, which consists 
of a continuous network of polyhedral grains, is characteristic of pure 
and impure iron (Plate XI, Fig. 3), If impurities are present in consider¬ 
able quantity, they may be retained undlssolvcd in the form of mechani¬ 
cal inclusions; slag may often be observed decking the ferrite grains in 

1 Simple methods for testing the £old mnd liker ire mentioned m the Bible by Zectariih 

(xtii. 9), YYmy {Njimf Hutsry, Boofc ixniJi 43 and 44) tcocmli trie of the tuustatece for teatmg 
£t>Jd* and lie ditu flivei methods for tettmg tli c parity of i cl vet. 

s ttcjonin t gf the chemical methods- of uuJviir lived in the ujQcldUith ccutiuj a p^en, rn Jut in 
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this manner, and is a source of weakness* rendering the iron brittle. 
Should a ferrite structure be reported to the archaeologist, he may inter¬ 
pret it as evidence that little or no carburization has been carried out on 
the specimen in question. If the specimen has been subjected to severe 
hammering the grains may exhibit Neumann lines (Rosenhaut and 
McMinn 1925, pp, 231-9). Most of the heavier tools and weapons of 
antiquity consist almost entirely of ferrite, though in some instances their 
cutting-edges have been hardened by carburizing, 

2. Canentitt or iron carbide. Brilliant white globular or massive free 
cementitc occurs in low-carbon steels which have been subjected to ham¬ 
mering and annealed at about 680' C. (Whiteley, I 9 r ®> PP* 353^0 or 
have been forged in the critical ranges (7oo°-9oo° C,) f particularly steels 
containing less than 0*15 per cent, of carbon {Pfoie XFV, Fig, 3). 
Cementitc also occurs as bright laminae in pearlite. 

If free cementitc is reported present in the microstructure of a speci¬ 
men of ancient steel containing lea than 0*89 per cent, of carbon, it may 
be taken as evidence of forging and heat treatment, 

3. PtarUtt, Pearlite is a cutectoid* of ferrite and cementitc containing 
about 0-89 per cent, of carbon. At low magnification pearlite appears as 
dark irregular grains, but at high magnification these can be resolved into 
alternate curved white and black lamellae consisting ot cementitc and 
ferrite (Plate VII, Fig, 3), Annealed steels oftess than 0-89 per cent, 
carbon content (hypocuteetoid steels), consist of pearlite in a ground mass 
of ferrite. This structure ib possessed by ancient carburized iron which 
has not been hardened or tempered- 

4.. Austenite. Austenite, as already stated, is a solution of carbon in 
y-iron. It exists only at high temperatures in carbon steels and is not 
retained by quenching, Quenching produces martensite, and normal 
cooling pearlite in ferrite. 

5. Martensite, Martensite is the hardest constituent of steel, and lias 
die appearance of dark needles (PI. XV, Fig, 3), Martensite is round in 
hardened but untempered ancient steel. 

t. IFidmanttdtten structure. This structure (PL V, Fig, 1), which 
consists of large bars, needles, or plates, is produced in small forgings by 
overheating in the austenite range followed by fairly rapid cooling. 
Steel with this structure is brittle. 

A similar structure exists in meteoric iron containing more than 7 per 

1 An ifttuaite mixture of two phwi {fertile ind commute] pea&cr-irny j ikei m ii<a at chtmlci\ 
QOQpddlXXU 
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cent, of nickel- The crystals of this structure are composed of three 
nickel-iron alloys named kamaeite, taenite, and plessitc. The structure is 
probably produced by slow-cooling and prolonged annealing (Buddhue 
1948* vol. ivi, pp. 105-8}, 

Cme Hardening 

The method by which the ancient iron-smith introduced carbon into 
iron is known as carburization. This consisted of prolonged heating of 
Iron below its melting-point but above 9<so L C. in intimate contact with 
charcoal. 

iron which has been carhurizcd correctly wUl exhibit a graduation 
from 0-89 per cent, of carbon {pure pcarlite) at the surface to a carbon- 
free iron core. In most specimens of antiquity the carbon content of the 
surface falls short of ©’89 per cent. In order to render the above treat¬ 
ment of value, the specimen would require hardening and tempering. 

Heat Treatment of Iron and Steel 

1. ITrought iron. Smelting iron ore with charcoal in the furnaces of 
antiquity betorc the fourteenth century a.d, usually 1 produced a type of 
iron which was very similar to modern wrought iron. 

Wrought iron is essentially ferritic in structure, and its properties and 
characteristics have already been discussed under ferrite. The carbon 
content ot ancient wrought iron was usually less than o‘ \ per cent., but 
it was sometime? higher. It may then be classed as very mild steel and 
can be hardened by quenching from about 9^0° C. 

Iron of less than O' 1 per cent, of carbon is little alTectcd by heat treat¬ 
ment and quenching, although recrystallization with reduction of grain 
size occurs when it is heated above qoo 1 ' C"., due to the change in lattice 
structure. If the temperature is very high (1,200° C. or higher) inordinate 
grain growth may occur instead of reduction, and this produces brittle¬ 
ness. Inordinate grain growth also occurs if phosphorus b present in 
quantity. 1 he influence of this element on grain growth is modified by 
its distribution, and cold-working. 

Wrought iron and very mild steel may be hardened to a certain extent 
by hammering, particularly between 250' C. and 425" C. (Sauveur and 
Lee 1925, p. 323). 

Within this range of temperature, the metal is made very brittle by 

1 Sor, bower, Ciupm- IV on Cut Iron, spends lit feciajn on China. 
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hammering, and therefore forging should be carried out at a higher 
temperature, preferably at about 900*' C. 

a. Jj/w-carbon steci, medium steel , and hardsteel. When the temperature 
of an annealed steel containing from 0-25 to 0-89 per cent, ot carbon 
(pcarlite in a ground mass of ferrite) is raised slowly to a temperature 


*C 


Fig VidnioG in bafdncst produced At dstTercnl tcmperaturci of 
tempering (modified from dsAgratra by Oailkt and Fortcra 19**)- 

above 900° C.* a number of changes occur. Eventually* above 900" C. 
one phase will exist, namely, carbon in y-iron solid solution (austenite). 
Hardening is then produced by quenching from about this temperature. 

*75 






























THE METALLURGY AND METALLOGRAPHY OF ANCIENT IRON 

Quenching above the line AE (Fig. 52) will produce pure martensite, 
but for low carbon steels it must lie drastic. Below the line AE ferrite- 
martensite is formed. Quenching from just below 700*' C\ produces the 
dark irresolvable constituent troostitc. The tough temper variety of this 
constituent is found in correctly made swords and linives (Sommer 1924, 

S* P* H<0- 

Hardness increases with increasing carbon content up to 0*89 per cent., 
and also with rapidity of quenching. 

Tools and weapons hardened in the above manner are too brittle for 
use, and they therefore require a second heat treatment* tempering. 
This consists in heating to a temperature below 700® C. followed by 
fairly rapid cooling. This treatment causes the brittle martensite to break 
down into fine cementite. The treatment is adjusted by observing the 
oxide coloration produced on the metal at various temperatures. Fig. 53 
shows the variation of hardness produced at different temperatures of 
tempering. 
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Cliaptcr IX 

AN ESKIMO KNIFE COLLECTED BY SIR JOHN 

ROSS 

Bj L M. ALLEN 

i s Eskimo knife collected on the 13th of August 1S18 from Prince 
A Regent's Bay, N. Greenland* by Captain John Ross, R.N., and 
f illustrated on Plate 13, opposite page 102 in his A Voyage of Dts- 
ffftrry, 1819, has been chosen to show how meteoric iron was used. This 
specimen (see Fig. 2) is not only of historic interest , but also provides an 
example of an iron weapon made with stone tools. When the specimen 
was compared with the illustration on Plate t3 it was seen that two sec¬ 
tions of iron were missing, and wc have since concluded that these were 
probably used bv Dr. Wollaston for the nickel determination given in 
appendix No. Ill, LXXXIX of A Voyage of Discovery. This conclusion 
is based on pages 95-117 of the above work, from which it is evident 
that, although John Ross earnestly requested the Eskimo he encountered 
to bring him samples of the native iron with which they edged their 
weapons, there is no reference to their having fulfilled this request, 
though on several occasions they promised to do so (see pp. 104., 105, 
lit, and 112). There is also mention in The fournal of Science and the 
Artt, 1819, vo! it, p. 369, of iron samples taken from implements collected 
by Captain Ross in the same 3rca tor nickel determination. 

The following extract from J. Ross's A Voyage of Discovery (p. 104} 
describes the occurrence and working of native iron. ‘He (Meigack) was 
now interrogated respecting the iron with which his knife was edged 1 
(the knife is about t foot long and made of walrus ivory edged with 
meteoric iron) ‘and informed us that it was found in the mountain before 
mentioned; that it was in several large masses, of which one in particular, 
which was harder than the rest, was a part of the mountain, that the others 
were in large pieces above ground, and not of so hard a nature; that they 
cut it off with a hard stone, and then beat it flat into pieces of the size of 
a sixpence, hut of an oval shape. As the place where this metal was found, 
which is called Sowallick, was at least twenty-five mites distant, and the 
weather very unsettled, I could not venture to send a party to examine 
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it, being uncertain how soon we might be forced from our present 
situation, 1 

A met allographs examination of the nickel-iron (Fig, 54 if g-) re¬ 
vealed that the metal had been severely distorted by mechanical working, 
and the presence of Neumann lines indicate that it had not been annealed. 



Fie, 54, Smicnwfs of metererk iroc before hoJ afar 


Comparatively few inclusions were found in the section examined. The 
macrostructure (Fig. 54, A.) exhibited considerable cracking, and it is 
evident that the metal is now very friable. Its hardness averaged 227 
Brin ell. 

Chemical analysis of the metal revealed that it consists of 88*0 per cent, 
of iron, 11*83 per cent, of nickel, and traces of cobalt and copper. The 
high nickel content proves it to be of meteoric origin, since this element 
rarely exceeds !• 5 per cent, in terrestrial iron. Terrestrial iron usually 
contains a high percentage of carbon (r-0—3-5 F cr tent.), and its structure 
is therefore either that of a high-carbon nickel steel or pig iron (Carpen- 
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ter j 935, p. 153; Lofquist and Benedicks 19+1, pp. 1-96). 1 he present 
writer examined a specimen of terrestrial iron from Blaaftcld, Gvifak, 
and found it to consist mainly of massive cementitc and fine globular 
pcarlite with inclusions of troilitc. 

Cold-forging of meteoric iron 

Fig, 55a shows the macrostructure of a small billet of meteoric iron 
from which a small knife (Fig. 55^) was successfully cold-forged. The 
forging was made with a 1 lb. 4 oz. hammer. During the initial hammer¬ 
ing, a small part of the billet broke off. The cause of this fracture ap¬ 
peared to be due to the presence of a large cohenite grain (Fjg. 54c.). 
After this fracture, the remaining portion was forged to its present shape 
without further mishap. Fig. 54*, b show the microstructure of the 
metal before forging, and Fig, 54 d y e after cold-forging. The average 
Brind! hardness before forging was 229, and after, 233, 
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Frc. $5, MacrwtfucttiM of batlfi of i&eteerk i»a before and after cold-forging. Sole !/*► 
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Chapter X 

A METALLOGRAPHIC AND METALLURGICAL 
EXAMINATION OF SPECIMENS SELECTED BY 
THE PITT RIVERS MUSEUM 1 

By (,'wr/nf if 

THE DIRECTOR OF RESEARCH AND TECHNICAL DEVELOPMENT OF 
MESSRS, STEWARTS AND LLOYDS 

t. 1952-6, 1. ASSYRIA, SIMRUD. TWO PIECES OF IRON FROM TRIPODS, LATE 
EIGHTH CENTURY B.C, Plate I, Fig. 2. PITT RIVERS MUSEUM, 

Weight 92-62 grams. 

Examination of this sample shows that it has been completely con¬ 
verted to iron hydroxide. Examination of a section shows a piled struc¬ 
ture which would indicate that the tripod iron was made from piled 
wrought material. Analysis of the sample has not been carried out as 
there is no metallic portion left. 

SvRfA, D£VE HOYflK, BROKEN SPEAR-HEAD WITH MID-RIB, 
SOCKETED, WITH BROKEN-OFF PIECE OF SOCKET. 60 O—$00 H.C. PITT RIVERS 
MUSEUM. 

Length 8£ in. 

Total weight 107 0 grams. 

Examination shows that this spear-head is of forged carburized steel 
made from reduced sponge iron. It has been forged from a large number 
of plates, the majority of which have been surface carburized during 
heating for forging. 

1 he speax-hcad shows a pronounced piled water-marked structure, 
indicating a high degree of skill in the welding and forging operations. 

T he structure and hardness do not reveal any indication of hardening 
and tempering treatment, 

A drawing of the spear-head is shown in Fig, 56, No. 6. 

Before ihe examination commenced the spear-head was X-rayed to 
show which portions were still in the metallic condition. 

1 With Plate* 1, hg. s, to XVI end eft-la* att cm qf tiii flath, pp. ios-e, aUo Fip, eG tsi t? 
m me tat, -v * ** 
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Plate II, Fig, i, is a print from a radiograph, It shows that corrosion 
has eaten away the metallic portions in the dark patchy areas, leaving the 
heavy midrib anti some of the blade and socket still in the metallic 
state. 

Careful machining, grinding, and polishing of the spear-head on one 
side reveals that the metal left in the blade is exceedingly thin, much of it 
having been converted to oxide. It was arranged that the material re¬ 
moved for analysis would be taken from one side, leaving the other face 
of the spear-head undamaged. Extensive corrosion, particularly at the 
socket end, made the sampling very difficult; some of the corroded por¬ 
tions fell away on removing the metal for analysis. 

The analysis of the spear-head (see p. [ S 2) shows that it has been made 
from sled with an average carbon content of o-1 8 per cent. 7 he tow 
phosphorus and sulphur contents show' the ore used for producing the 
steel was of pure grade. The nickel content ol 0*3 2 per cent, is rather 
unusual in an implement of this type* 

Macro- and microscopical examination have been carried out on the 
polished section, revealing 3 layered structure, Plate II, Fig. 2. Examina¬ 
tion of the socket end, which was detached, show's the remains ol a 
wooden shaft still in place. At this position, despite the heavier section, 
the steel is almost completely corroded away. T he structure of the corro¬ 
sion products, however, retains the layered pattern ot the original steel 
interleaved in places with copper filaments, Plate IV, Fig. 2. 

The socket portion is continuous with the blade. It has been formed by 
building up a tapered tubular shape and braxing and forging together 
with impure copper, Fig, 44. The copper is relatively untouched by 
corrosion, being more noble than the steel, I he presence of copper at the 
socket end may account for the more extensive corrosion at this position. 

The photomacrograph, Plate III, Fig* 1, and the photomicrograph, 
Plate III, Fig, 2, show the highly contorted layered structure, indicating 
that the metal used for forging the spear-head was built up from a large 
number of layers of iron plates resulting in a highly developed water¬ 
marked pattern somewhat similar to 'damascene* steel blades produced 
from cast steel. 

Reduced sponge iron was forged into plates, piled into a block, and 
repeatedly forged, resulting in the water-marked structure. It is estimated 
that the spear-head contains about 50 layers. The sponge iron contains 
some entangled cinder and gangue which were not expelled during forg¬ 
ing. In some places the fire welding of the various laminations has not 
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been complete, and particularly towards the shift end extensive corrosion 
has penetrated into the layered structure. 

Plate IV, Figs, i and 3, show high-power views taken from the same 
held as Plate HI, Figs. 1 and 2. 

The dark carbon-bearing areas at the j unction of each layer, Plate IV, 
I ig. 1 ( x zoo), show that the carbon content h in places as high as o-6 
per cent., indicating that the heating for forge welding was carried out 
tinder carburizing conditions, possibly on a charcoal fire, giving a 
localized surticial increase in the carbon content. 

The structure at a magnification of ■ 1000 is shown in Plate IV, 
^ *£* 3 ! this * s typical of material which has been forged on a falling 
temperature and has then been left to cool very slowly from about 
+5° C-i possibly In hot ashes or at the edge of the smith’s fire. 

The grain size varies from 200 to 25,000 grains/sq. mm. This 
irregularity in grain size confirms that the final forging was carried on to 
quite a low' temperature. 

The Vickers diamond hardness varies from 108 Vickers in the low 
carbon zones to as liigh as J 53 Vickers in the higher carbon bands, 
1 hese hardness figures are typical of a modem mild steel, 

I here is no indication of the spear-head having been hardened and 
tempered. 


Analysis^ 

Phosphorus 

Sulphur 

Silicon 

Manganese 

Carbon 


o-oat percent, 
0-014 „ 


0*04 

o-iS 


it 


Nitrogen 

Copper 

Nickel 

Arsenic 

Vanadium 


0-006 percent, 
o-oi + , 

o-O t 


3. LACftlSH IRON PICK, AREA DESTROYED f. 588 it.C. (t-ACff JSH,ui, PJ, 6 1 . 3), 

Examination of this pick shows it is made from a very pure base 
wrought iron which has been carburized prior to piling and forging. 

live analysis is: 


Carbon 

Manganese 

Silicon 

Sulphur 

Phosphorus 

Nickel 


O' 196 percent. 

PI 
H 

s> 

Jl 


Chromium . 

Molybdenum 

Vanadium 

Copper , 

Arsenic 

Nitrogen 

18 a 


0*013 
0-0 to 

O-OOJ 

0*013 

o-oo8 


Trace 

O Oto per cent. 

Nil 


0-004 percent. 
0*006 „ 

00035 » 
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An iron with such a pure base and such a low arsenic content would 
have been produced from a pure haematite or magnetite ore. 

A general view of the pick is show n In Fig. 57. A photomicrograph, 
Piate V, Fig. i, of a prepared area close to the point shows a very coarse 
Widmanstatten structure, indicating that the pick point was quenched 
from a very high temperature (over 1 ,ooo fi C.). In the same field there 
are numerous slag filaments along one of the piling planes. 

The hardness varies from 136 to 183 Vickers. 


4 . SAMPLE FROM EDGE OF A SOCKETED AXE, MAGDALENENBERG BEt ST. 
M A KEEN, J UGOSLA VlEN', TUMULUS It, GRAB t UND 2, I1ALLSTATT PERIOD, 
SIXTH CENTURY R.C. PRAHlSTOKtSCHE SAMMLUNG |M NATURHISTOR15CHEN 
MUSEUM, WIEN, NO. 2 200 6 . 

A drawing of the axe appears in Fig. 57, No. 3. 

The analysis of the sample (see Plate V, Fig. 2) shows a rather high 
carbon wrought iron with numerous entrapped slag filaments. There is 
no sign of hardening. 

Grain size, 4,000 to 1,000 gr./'sq. mm. 

Vickers hardness, 149 to 165. 


Analysis: 

Carbon 

Manganese 

Nickel 

Copper 


©■ 1 0 per cent, 

, ■ O-Oi „ 

. o*en „ 

. 0*020 ,, 


Chromium . 
Molybdenum 
Vanadium 


Not indicated. 


H 

1* 


5 . SMALL SAMPLE FROM BLADE OF A LANCE-HEAD, HALLSTATE, GRABEK- 
FELD, GRAB 783 , ItALLSTATT PERIOD, SIXTH CENTURY B.C. VIENNA 
MUSEUM AS ABOVE, NO. 220 I 6 , 

A drawing of the lance-head appears in Fig. 57, No. 2. 

The analysis of the sample (Piate V, Fig. 3) shows the blade to be of 
pure wrought iron with numerous entrapped slag filaments. There is no 
sign of hardeni ng, 

Grain size, 1,000 to 260 gr./sq. mm. 

Hardness, 145 to 154 Vickers, 

Analysis; 

Carbon . l*ss than 0'0+ Copper , , 0*11 percent. 

per cent. Vanadium . , Trace 

Manganese - o-06 per cent. Chromium . . Not indicated 

Nickel . .0-09 „ Molybdenum . „ 
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6 , 1953 * 1 . 33 * JUGOSLAVIA, VA<*B. SPEAR-HEAD WITH $MALL POINT AMD 
LONG SOCKET, FIFTH CENTURY BX. PITT RIVERS MUSEUM. 

Fig, 56, No. i, shows a drawing of the spear-head. Extensive corro¬ 
sive attack has occurred, and in places the material in the region of the 
shaft socket is completely converted to iron hydroxide. 

A portion extending for 3$ inches back from the point has been sec¬ 
tioned, polished, and etched to study the microstructure. Millings from 
this section have been analysed with the following results: 


Silicon 

Manganese 

Copper 

Nickel 

Chromium. 

Molybdenum 


Trace 

O'006 per cent. 
O-OI „ 

0005 „ 

Trace 

Nil 


Vanadium 

Phosphorus 

Sulphur 

Carbon 

Arsenic 

Nitrogen 


Nil 

0*050 per cent, 
o-oi 1 „ 

03 *9 » 
0-009 » 

0-007 H 


A photomacrograph of this portion at a magnification of about 1 $ is 
shown ill Plate VI, Fig. 1. 

The examination shows that the spear-head has been forged from 
wrought iron with a very variable carbon content. In the lower portion 
of Plate VI, Fig. 1, the carbon content exceeds 0'6 per cent, locally, 
possibly by carbon pick-up from a charcoal fire, whereas 111 the upper 
portion the carbon content is less than 0*1 per cent. 

The examination shows that the point has been formed by rolling over 
a faggot of wrought iron in the form of a forge-welded tubular section, 
which has been completely collapsed at one end to form the point, but 
still retains the tapered tubular form at the socket portion. The line of the 
welding can be seen extending from the point to the open end of the 
socket. 

The grain size of the head varies from 20 to 1 5,000 gr./sq. mm., and 
the Vickers hardness varies from 103 to 134. 

The section shows numerous streamers of non-metallic cinder which 
have not been expelled during the welding and forging operation. In the 
high-carbon areas (lower portion, Plate VI, Figs. 1, a), the heating for 
forging has caused local burning in the high-carbon portion. This has 
resulted in numerous fissures shown in the lower portion of Fig. z. A 
photomicrograph near to the weld line dose to the point of the spear¬ 
head is shown in Plate VI, Fig. 3, and at a higher magnification in Plate 
VII, Fig. 1. At this position the structure resembles that of a normalized 
steel. At other positions dose to the point, and on the flanks of the spear- 
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head, the carbon content is more typical of wrought iron. In places ex¬ 
tensive areas of entrapped cinder are still evident (Plate VII, Fig, 2.) 

The examination shows that no attempt has been made to quench and 
temper the spear-head. The higher carbon pearlitic areas, shown in 
Plate VII, Fig. 3, are typical of a steel which has been slowly cooled 
after forging. 

7. la rfeNE sworij from historisches museum, Basel, sword so. 
1947.639. 

A general view of tbc blade is shown in Fig, 57, No. i. 

Small areas have been prepared for examination at approximately the 
mid length of the blade and at tbc point. Microscopical examination 
show that the material is very low-carbon wrought iron which is 
remarkably free from entrapped slag. 

The grain size on the central rib is coarse and variable, in places the 
grains are very large, approximately 2 gr./sq. mm. (Plate VIII, Figs. 1, 
2). The hardness near the central rib is t6t Vickers. At one position 
there is a small area which has a carbon content of about o*6 per cent., 
possibly resulting from localized carburizing by contact with charcoal 
during the heating for forging. 

At the cutting-edge the grain size is much finer, and the carbon content 
at this position is slightly higher than at the central rib. There are a few 
grains containing nitride needles. 

In places at the cutting-edge the grains are distorted and are heavily 
veined, which indicates that the blade is in the as-forged condition and 
that the forging was carried out until the edge of the blade fell to a tem¬ 
perature of about +50° C., where complete recrystallization after forging 
would fail to take place (Plate VIII, Fig. 3). At the cutting-edge the 
grain size, although variable, is in places as fine 3s 2,000 gr./sq. mm,; the 
Vickers hardness is i 90, 

In patches near the central rib there are areas containing pronounced 
Neumann bands (Plate VIII, Fig. 2}, indicating that the blade was 
hammered with very sharp blows in the cold condition. These Neumann 
bands may, of course, have been formed by straightening the blade by 
hammering cold at some time after use. 

The analysis is; 

Silicon . Not indicated Copper . , Trace 

Manganese . Not indicated Nickel . . 0*05 per cent. 

Carbon o-1 to 0-04 per cent, Chromium . Not indicated 
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Gram size approximately 2 gr./sq. mm* to 2,000 gr./sq. mm. 

Vickers hardness 1 6t 10 190. 

S, LA rfe.SE SWORD FROM HISTORISCHRS MUSEUM, BASEL. SWORD NO. 

t 947.640. 

A general view of this blade is shown in Fig, 57, No. 10. 

A small area has been prepared for microscopical examination about 
the centre of the length and at the point. The examination shows that the 
blade is a good quality wrought iron with a large number of piled layers 
(Plate IX, Fig. 1). Near the cutting-edge the Sayers arc highly contorted 
due to hammering. The junctions of the layers are free from large par¬ 
ticles of entrapped slag. 

There is a variable carbon content from the edge to the central rib. 
Near the central rib the carbon content is about o-i 5 per cent., and the 
ferrite grain size is approximately 1,000 gr./sq. mm.; a typical area is 
illustrated in Plate IX, Fig. 2 . Close to the cutting-edge the structure 
becomes very coarse and acicular, and the carbon content rises to approxi¬ 
mately 0*5 per cent. This coarse structure indicates that the final forging 
temperature was about i ,000° C. 

During the final forging the central rib of the blade has received more 
hot forging than the cutting-edge; this has resulted in a much finer grain 
structure in the central rib, Plate IX, Fig. a. 

Examination of an area prepared dose to the point of the blade shows 
the same coarse 0*5 per cent, carbon structure very simitar to Plate X, 
There is no evidence of hardening by quenching. The blade is in the 
as-forged condition, and the carbon content of the cutting-edge is a 
good deal higher than at the central rib and changes across the blade. 
This indicates that the edge of the blade was carburized, or that the edge 
portion had a higher carbon content in the original forged faggot used 
to make the blade. 

The analysis of the blade is: 

Silicon , O'Ol per cent. Copper . , Trace 

Manganese , Not indicated Nickel , , 0-04 per cent. 

Carbon . 0*15 to 0*5 per cent. Chromium . . Not indicated 

The grain size varies from t,ooo gr./sq. mm. in the central rib to 
approximately 35 gr./sq. mm. at the cutting-edge. 

T lie Vickers hardness varies from t6i at the low-carbon central rib to 
286 in the coarse higher-carbon zone at the cutting-edge. 
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9 * OXYRHYNCHU5, EGYPT. TANGED KNIFE 6'9 IN. LONG. ROMAN. PITT 
RIVERS MUSEUM, 

Weight 37 -2 grams. 

A drawing of the knife is shown in Fig. 56, No, 5, When received the 
portion of the blade at the upper side of the photograph was approximate! v 
fipinch thick, white the edge at the bottom portion of the blade tapered off 
to a few thousandths of an inch in thickness; the hladc and edge were 
heavily corroded and pitted; this made sectioning and examination exceed¬ 
ingly difficult, It was necessary to mount the whole of the blade in an 
air-setting plastic to allow the sectioning and preparation without dis¬ 
torting the edge. 

A longitudinal section of the blade after grinding, polishing, and etch¬ 
ing is shown in Plate XI, Fig. i. The blade has been buiit up from a Urge 
number of faggots of wrought iron which have been lorgc-welded in 
piles leaving a blade with a wavy-flow pattern. The flow pattern de¬ 
veloped by etching is highly contorted; there are numerous slag filaments 
at the junction of the layers which have not been expelled during the 
welding and forging (Plate XI, Fig. a). 

Due to the fragility of the blade, it was not possible to remove material 
for analysis without destroying the specimen, but portions have been 
arckcd and sparked to aliow a spectrographie examination to be made, with 


the following 

results: 


Copper 

, O'Ol per cent. 

Manganese 

Tin . 

. 0*002 „ 

Nickel 

Chromium . 

, Nil 

Vanadium 

Molybdenum 

? >* 

Titanium , 

Silicon , 

* it 



The material is an exceedingly pure base wrought iron with a very 
low general-carbon content. Certain layers of the blade, however, are 
higher in carbon content than others. This is possibly due to carbon 
pick-up from a charcoal fire by certain faggots during the repeated 
forging and welding operations. 

Close microscopical examination along the edge of the blade shows that 
no attempt has been made to carburize or harden and temper the material 
by quenching and tempering. It is observed, however, that the ferrite 
grains contain numerous Neumann bands which occur on the slip planes 
of the grains. These Neumann hands have been produced by hammering 
the blade cold after the hot forging, possibly during the finishing stages 
of its preparation (Plate XI, Fig. 3). 
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The ferrite grain size Is very variable, counts varying from 20 grjsq, 
mm, to 20,000 gr./stj. mm. This variation in grain size is typical of 
wrought iron which has been hot-forged over a wide temperature range 
until tlic blade was cold. 

The Vickers hardness of the blade varies from 113 to 120 Vickers 
which, although harder than normal wrought iron, is explained by the 
cold hammering. Ibis hardness is typical of a modern !ovv-carbon mild 
steel, 

IO. ROMAN SAW, OXVRHVMCU US. PtTT RIVERS MUSEUM. 

A drawing appears in Fig. 57. No. 4. 

Examination of a portion of die blade dose to the teeth shows this saw 
has been made from piled wrought iron. The carbon content is about 
0*1 per cent. See Plate XU, Fig. [. 

No analysis has been made as this would have necessitated destroying 
the specimen. 

The grain size varies from t,ooo to 2,000 gr./sq, mm, 

The Vickers hardness of the teeth varies from 127 to 140. 

The microstructure is typical of a low-carbon steel which has been hot- 
worked until the temperature has fallen below a red heat. There is no 
indication lhat the blade has been quenched and tempered. 

Tim saw would not remain sharp for very tong when cutting even soft 
wood. 


II. IIARAQEH, EGYPT. ROMAN RING AND TWEEZERS, AND RING AND 
STAPLE, FROM NEWBURY MUSEUM. 

Drawings appear in Fig. 57, Nos. 8, 9. 

The tweezers (No. 8) have □ ring rtikdc from wrought iron with a 
carbon content of approximately ©• 15 per cent. The grain size varies 
from 20 to 2,000 gr./sq, mm., and the Vickers hardness varies from 145 
to 165. 

'Hie tweezer blades are also made from a wrought iron which has been 
carburized (approx. 0-15 per cent.}. The ends of the blades have been 
hot-worked on a falling temperature, This has resulted in a mixed grain 
size with the carbides highly agglomerated (Plate XII, Fig. 2). Some 
Ncumatin bands were observed near the end of the tweezers, showing that 
they had been hammered cold. 

No analysis has been made of this item as it would have necessitated 
destroying the specimen. 
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The tweezer blades have a grain size varying from 140 to 8,000 
gr./sq. mm. The Vickers hardness varies from 176 to 237, 

Examination of the ring and staple shown in Fig, 57, No. 9, shows that 
the ring has been made from wrought iron with a very variable grain size* 
20 to z,ooo gr./sq. mm. The Vickers hardness varies from 145 to 154. 
The carbon content is approximately O' 1 per cent. 

The staple portion has a carbon content of about 0-25 per cent. The 
structure shows that the staple has been made from wrought iron as it 
shows piling with entrapped slag. The pointed ends of the staple have 
been hammered on a falling temperature; there is a considerable amount 
of cold work in the ends, the hardness varying from 189 to 336 Vickers. 

Typical structures of the staple ends are shown in Plate XII, Figs. 3 
and 4. 

No analysis has been made of this item as it would have necessitated 
destroying the specimen. 

12, 1953 , 1 , 34 . FRILFORD, BERKSHIRE, ROMAN TANGED KNIFE, THIRD TO 
FOURTH CENTURY A.D, PITT RIVERS MUSEUM. 

A drawing of this knife appears in Fig. 56, No. 4. 

Plate XIII, Fig. i, shows a print from an X-ray negative. Close 
examination of this negative shows a fibrous structure typical of wrought 
iron. The only solid metallic portion is at the junction of the tanged end 
at the beginning of the blade. 

Plate XIII, Fig. 2, shows a transverse section from the end, displaying 
a piled wrought structure. Only small portions of the wrought material 
remain. The bulk of the blade has been converted to iron hydroxide, 

A photomicrograph of the un corroded portion shows the coarse ferritic 
grain size typical of low-carbon wrought iron (Plate XIII, Fig. 3). 

13 . StLCHESTER ROMAN AXE, FOURTH CENTURY A.D., READING MUSEUM. 

Weight 734 grams. 

A drawing of the axe-head is shown in Fig. 57, No- 7. 

The whole surface is covered with a heavy layer of very hard rust. 

Drillings for analysis have been taken from the heavy portion of the 
blade close to the socket. Only one hole has been drilled to avoid spoiling 
the specimen. 

The analysis is: 

Carbon . . 0-319 per cent. Chromium . . Nil 

Manganese. . 0-013 »> Molybdenum , 0*020 per cent. 
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Silicon 
Sulphur 
Phosphorus. 
Nickel 


Trace 

O’OO" per cent. 
O-Obl „ 

•><533 


Vanadium 

Copper 

Arsenic 

Nitrogen 


m 

O'Ot < per cent, 
o’oyi „ 
0‘006$ „ 


This is a pure base material which has been carburized. The arsenic van- 
tent is typical of irons made from European side rite ores, 

Metallographic examination has been made on a small prepared area 
running up to the edge on one face of the axe. 

A photomacrograph of this area, Plate XIII, Fig. 4, shows the blade 
has been made from a large number of layers of piled carburized wrought 
iron, which have been welded together prior to forging the axe. The 
general orientation of the layers is roughly parallel to the edge uf the 
axe, hut they have a highly contorted outline as a result of repeated 
fo r K‘ n £> they contain elongated slag filaments typical of those shown in 
Plate XI V, Fig, t. The carbon content at the welds at the junction of 
each layer is in places below' 0-05 per cent., and the ferrite grain size is 
in places very coarse. The dark central portions (Plate XIII, Fig. 4} of 
the layers have a carbon content of more than o-6 per cent, 

A typical structure near the centre of the layers is shown at a higher 
magnification in Plate XIV, Figs. 1, 2, The grain size (6,500 to 8,000 
gr./sq. mm.) is very fine, with a ferritic background and a heavy network 
cellular carbide structure together with spheroidized carbide particles, 
i his structure is typical of a medium-carbon steel, which has been 
forged on a failing temperature until it reaches about 700° C., and is 
then given a prolonged annealing in the range 650' C, to 700 C. t where 
the carbides become agglomerated and spheroid Sized. 

The hardness near the edge of the blade varies from 1 j 8 to 21 o Vickers. 


I 4. SAXON AXE, HEADING MUSEUM. 

A drawing of the axe head is shown in Fig. 57, No. 5. A large piece 
has broken away from the upper portion of the edge. 

I he specimen is coated with a very heavy layer of hard rust. 

Drillings have been taken from the heavy portion of the section dose 
to the socket. 

The analysis is: 

Carbon . „ 0-53 per cent. 

Manganese , . 0*01 „ 

Silicon , . Not indicated 


Chromium Not indicated 

Molybdenum , t . 

Vanadium . . Trace 


SPECIMENS SELECTED BY THE PITT RIVERS MUSEUM 

Sulphur - - 0-008 per cent. Copper . . 0-01 percent. 

Phosphorus . , 0*130 „ Arsenic . . 0*049 » 

Nickel - - o-oi „ Nitrogen . , 0005 „ 

Grain size 65 to 500 gr,/sq. mm. 

Hardness of edge 154 to 165 Vickers. 

Microscopical examination on the top of the blade near the chipped 
portion shows a piled structure with layers of varying carbon content. 

The structure is coarse and acicular, the carbide areas arc spheroid! zed; 
this indicates that the axe was cooled from a forging temperature (over 
t,ooo : C,) and was reheated to about 700' C. for a period which allowed 
the carbides to spile roideze. 

The structure of a prepared area near the edge showed numerous 
Neumann bands in a practically carbonless ferritic background (Plate 
XIV, Fig. 4)* The extremely Tow carbon content (below 0*04 per cent.) 
close to the edge is the result of prolonged heating which has decarburized 
the thin portion of the cutting-edge. The presence of the Neumann 
bands in the ferrite grains shows die edge has been heavily hammered 
cold. 

There is no sign of quenching and tempering, and the edge of such an 
axe would quickly hecome blunt. The high phosphorus content would 
also make the edge brittle. 


IJ. DANISH BATTLE-AXE, B95 OR 896 A.D. BED OF RIVER LEA KF.AR 
STRATFORD, ESSEX. NEWBURY MUSEUM, No. 1898-5, NOW PITT RIVERS 
MUSEUM* 1954.11.11* 

Weight 691 grams. 

See Plate XV t Figs, 1-4, and Fig. 56, No. 3. 

Examination shows that this Danish battle-axe has been made from 
low-carbon sponge iron which contains a small quantity of entangled 
cinder not expelled during the forging. 


The analysis is; 

Silicon 

Manganese . 

Copper 

Nickel 

Chromium . 

Magnesium. 

Aluminium . * 


O-04 per cent. 

0*01 „ 

0*01 „ 

0*07 „ 

Nil 


0-005 „ 

0*04 „ 


Molybdenum 

Vanadium . 

Phosphorus. 

Sulphur- 

Carbon 

Arsenic 

Nitrogen 


Nil 

11 

0-445 P cr cent, 
o-ott „ 

0*049 „ 

0*042 n 

0*0085 „ 


>91 


metallographic and metallurgical examination 

The blade has a highly contorted layered structure, indicating that the 
iron has been piled and repeatedly forged from faggots of sponge iron; 
the fibre or grain fiow is parallel to the cutting-edge. 

The shaft socket has been formed by lapping over a tongue from the 
forging and forge welding this to one side of the Made. 

The analysts and microscopical examination of the body of the blade 
show that the carbon content is typical of wrought iron; the relatively 
high body hardness of 1 60 to 170 Vickers is- due to the high phosphorus 
content. The blade, and particularly the edge which is hardened, would 
tend to be somewhat brittle with such a high phosphorus content. 

The immediate cutting-edge of the blade has been locally carburized 
by heating the edge in contact with carbonaceous, material. The edge has 
been quenched and has a surface hardness varying between 350 and 450 
Vickers, 

The grain size of the main body of the hladc is very variable, counts 
vary from 250 gr,/sq. mm. to t ,500 gr./sq. mm. The structure is banded, 
and in places highly contorted, showing a marked wavy appearance typi¬ 
cal of material which has been repeatedly forged. 


l 6 . I 953 .I. 35 . WOODEATON, OXON. TANGED AND SOCKETED ARROW¬ 

HEAD, MEDIAEVAL. PITT RIVERS MUSEUM. 


Length i\ in. 

Total weight 13-7 grams. 

Sec Plate XVI, Figs. 1-4. and Fig. 56, No. 2. 


Analysts: 

Silicon 
Manganese . 
Copper 
Nickel , 
Chromium . 
Magnesium 
Aluminium . 


Trace 

o-o i per cent. 
0*004 >1 

Trace 

O'00 3 per cent. 


Molybdenum 

Vanadium . 

Phosphorus. 

Sulphur 

Carbon 

Arsenic 

N» , 


Nil 


0*050 percent. 

O'OOtS 


The arrow-head is made from wrought iron. It has a very variable grain 
size. The microstructure indicates that no attempt has been made to 
harden the point. 

Grain size 20 to 25,000 gr./sq. mm. 

Hardness T15 to 155 Vickers. 
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IRON OBJECTS ANALYSED FOR THE PITT RIVERS MUSEUM 

Ftfl. 56. t. Jugcakvia, V*fie,*pcar 4 c*d, fthcentury 2, Media ml amm-Lead, Woodman.Oiun. 
3. Danish bank-tie, 89$ 0* 896 a-»„ bed of Rivet Lea tioi Stratford, Ea*i. 4. Tanged knife, Roman 
villa, Frilfori, Bail, 3rd-41b century a.o. 5. Tanged Roman knife, O^tbratkai, Egypt, 6. Syria, 
Dew Hiayuk, 1 pear-head, <^0-500 a.c. 
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IKON OBJECTS ANALYSED FOR THE PITT RIVERS MUSEUM 


Ftc. 5?. i and io.Two mwds from L*Tine, t. 50 i.c. (ft? and 90cm,). a. KalbUtt. Aitfaa, Urn** 
head, 6th century e.e. [44 cm.). }. M^diienenbctB, Jupakvi*. Jacketed uc, 6th century i.c 
(10 cm.). 4, Roman «nr, Oayrhynchtu, Egypt (r a cm.). J. $*kh* «c. Rending (ty.; cm.), 6, Pick, 
| m-tiiih, froroare* destroyed r. ;88 ax. (3+ cm.), 7. Roman axe, SildiattT, Harm, 4th century *.n. 
(18 cm.), ft, 9. Roman tweezen and tuple, Harageh, Egypt (9 cm. and ?-J cm.). 
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EXPLANATION OF THE PLATES 


run t 

1. Photomicrograph*: of the surface of -s swan! (France- Lanord 1949). X ± 0 - jr, r. Zones of 
oirburizcd iron (mild steel) in ferrite. L Large Ctjmk of fctritc surrounded by carburized iron. 
d Two zoiirt of low-carbon (mild) steel and a zone of timcarbiuifted (pure) iron- 

2, Two pieces of iron from rri|iods> laic eighth century H,c, t Nimrod, Assyria (1953.6.1). 
Examination of a section shows a piled structure indicating t\m the tripod iron wa* made 
from piled wrought mate rial 

flat* tt 

Socketed sptar-hi^id from Dcve Hiiytib, Syria, 600-500 h.c (1953.1 s. Radiograph 
taken before *e<tionirtg, showing light area* itill metallic, and dark patchy ura> (metal con¬ 
verted to oxide), 

2 . Photomicrograph of polished and etched section showing Lye red structure. 
t 1. at 1 ill 

Dove Huyuk spear-head, continued: i + Photomicrograph at mid length showing contorted 
piled structure, Xf 

2, Photomicrograph at mid Imph showing contorted piled structure and variable grain size. 
The Layering is associated with high-carbon band*. X25- 


FtATl iv 

Drve H iiyilk spear-head, continued: t. Photomicrograph from same field a* Plate III, Fig-2 
taken at a higher magriilKatifin, showing mixed grain site, banding, and high-carbon Layers 

X20Oi 

2. Photomicrograph of transverse cross-section of socket it fractured position showing layered 
structure and copper filaments adjacent to butt brazed joint; *♦ X4* 

3 Plunosnicrograjih of ipcar-hcad showsng hue pcarli tic ca rbide si met tux, x 1000, 

flat* v 

■ - Photomicrograph of iron pick from Ladtish (am destroyed f. 588 b.c,}* dose m point, 
showing entrapped sbgat welding line and coarse WidlQJUUtaCttfl areas typical of material 
quenched from * very high temperature, x 100. (Specimen knt by Mm Olga Tufodl.) 

2. Photomicrograph of vee-edge* HiHsota period, sixth century s.c, t from MagtLlcnenberg^ 
Jugoslavia; rather high-carbon wrought iron with numerous entrapped dag filaments. No 
dgn of hardening, % 200* (This specimen and the following sent by Xaturhisroriscbes 
Museum, Vicmm-J 

3- PiwHWiiicrograpli, Lance-heat^ Hal huts, sixth century B.q showing blade of pure wrought 
iron with numerous entrapped sbg hi aments. No sign of hardening, x 200. 
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explanation of the plates 


t'l.ATE VJC 

Spear-hcad from V« 5 r, Tti^odavia, fifth century *-C. (1953.1.33}: L Photomaat^raph of 
poli^b^d and etched section showing bigh*caibon (dark arcs.) portion welded to lowHcarbosit 
nmicriaL Severe burning of the higli-cifbarL dica lias occurred during hearing for uelding nd 
forging Xi'6- 

3. Enlarged photmnaETognkph of Fig* 1 showing antral Held line, variable grain rifce* and 
iocal burning in (dart) higlwcarbun tm. X 4. 

3, Fhofomicrograpli towanb cemn of spcar-bcad shewing junction zone between low- 
carbon area and (dirk] high-caffeon area. Vkkei$ htttiatm 103 to 134 x6q. 

rt ATE VII 

Vatic (pear-head) continual: i* Photomicrograph toward* centre of *pca r-lirad ^hciwing fine 
fertile grain dsu and [dark carbide) peuliijc aras. x IBS- 

2, Photosnii:rograph near ro poior showing low-carbon wrought iron, with a very coane 
grain rize and slag patches not expelled during forging. X I f? 5» 

3. High-prvwcT view of ceil[raI pOTUOO of spraf-poitu fat fdatively high-carbon arnt showing 
ferritic grain 1 hj* with dark pearl irio carbide urm* Indkaiing' that spear-head was slowly 
cooled after forging, x 

plate vm 

La Tern ^wotV jo ».c, T Switzerland (Htitoflutet Museum, Basely 1947,639]: S. Coarv* 
ferritic grain rivv adjacent to central rib of blade. X 200. 

i. Blade a 1 central rib showing targe ferrite graim with mwncrai^ NtnUllMin bands, x 200, 

3, Structure close to edge ofbladc where gram Stssc s* fine and lerntr gram-i J how pronounced 
veining. :< 200 * 

PLATS lx 

La Tine sweid, f. 50 s.c,, Switzerland {Hiswrisches Museum, Bawl, 
i. PhotarapCfOgffph showing piled structure and iLorroaion pits, 'A~. 

1 . PhotomicrogTaph from Central rib, xsoo. 

PtATE X 

LaTfciwiwtrtd 1 1947.64c 1 ) continued; Photomicrograph from cutting-edgi:. x 200. 

PLATE XI 

Tanged Jttdfc from Oxyttyjtdms Egypt, Homan period {Pitt Rivera Museum) t 1. Pb^to- 
nuaograph (slightly eiii.irgtil) of polished and etched Inngfrudinat section, showing crmmttrd 
layered ttnictiire, i mating blade hits been built up hr welding and forging a number of 
wrought- iron &ggOtS, 

2, Photo macrograph of portion of blade showing Layered structure and entrapped slag fiU- 
incuts* x 1X 

t. Phocomitrtigrapb of hotly of Hide showing ferrite grains ewirainifig numerous Neumann 
bwul-, indicating that the Made wm Imnwicird add after forging, 't he structure snows 
numerous pametea of entrapped dag, X 200. 
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EXPLANATION OF THE PLATES 


PLAYf xn 

k Roman *aw, Oxyrisynclius, Egypt (Piet Rivers Museum): Photomicrograph dose to rctih 
showing structure typical of a bw-earbem sted which ha.% been hot worked on a falling 
temperature. K 200, 

t Roman ring And tweezer*, Harageh* Egypt (Newbury, Borough Museum): Photomkn>- 
graph at end of blades, This structure h typical of a .carburized wrought iron which hits been 
hot worked on a Ming tempemuro, fi Unwed by annealing at a tow temperature where 
carbides hive become agglomerated. x 2CO< 

3 * Roman ring and simple, Ha race h (Newbury, Borough Museum): Photomterograph of 
mple end showing piled structure with numerous entrapped slag filaments. The background 
structure k typical of a Q' 2 $ per cent, carbon steel which has been hoi worked on a falling 
temperature, resulting in a ray mixed grain she. X 200 . 

4 j Am similar to Fig. 3, enlarged, x 1,000. 

PLATE XIII 

i- Frilford, Berkshire* Roman knife* third m fourth century a.d. {1953134}: Print from 
X-ray negative, Ck^ examination of this negative shows a fibroin: structure typical of 
wrought iron. The only Solid metallic portion is at the junction of the ranged end of the 
beginning of the blade* 

2. The same: Transverse cross^cttion from end of tanged knife, showing piled wrought 
structure. Only small portions of the wrought imrcrkl remain. The bulk of the blade haa 
been converted to itoti hydroxide, tv x8, 

3. The Siime: Photomicrograph of mieorrodeJ portion showing coarse ferritic grain size 
typical of bw-orbon wrought iron. > 400. 

4. Roman axe, fourth century a d., Sikhester, Hampshire (Reading Museum and Ait 
Gallery}: Phommacrograph up to the edge showing piling and highly Contorted flow line* 
roughly parallel to the edge (top). Lower right-hand side shows a heavy kytr of hard rust aod 
corrosion pics, r. xto* 

FLAT! XIV 

Roman axe, SikheHier, ccrnimied: r. Photomicrograph of light areas in Plate XIII, Fig, 4* 
showing elongated ibg filaments in kw~carlv«n band* at wdding lines, Oi 

2, Photomicrograph pf dark high-carbon areas dm wit iti Plate Xtll, Fig, 4* < 200. 

3, Photomicrograph flf simitar areas to Fig, 1 showing ferritic badeground with partially 
spheroidized network carbides, x 1,000. 

4 Siiwn axe-edge (Reading Museum and Art Gallery}, Photomicrograph dose to edge 
showing large ferritic grain vhc and numerou* Neumann bands indurating the edge was 
Jiaduncred cold, x 120. 

rt. ATI xv 

Danish batttc-ixe, a. a. #95 or fco6, bed nf Rivrrr Lm near Stratford, K«cx {1954.J t.11): 
1. Phatnunjurngraph up to turtinp^dge showing euburiued. «»nc 00 the iinmttluir tdge, anti 
flow partem due to forging. Background; structure is of wrought low-carbon iron. X4-$, 
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explanation or the plates 

a, Photomicrograph of cutting-edgr showing coarse martensitic structure. Vickers hardness 
450. !>irk areas non-mralltc entrapped cinder not expelled during the piling and forging 
operation. x 25c. 

3. Higher-power view of Fig. 3 showing coarse martensitic structure of cutting-edge, V ickcre 
hardjiesi 450. X 1,000 

4. Background ™f blade, showing structure of wrought low-carbon iron and entrapped cinder, 
Vickers hardness 16c to 170. xm 

piara aevs 

1. Mediaeval barbed and socketed arrow-head, Woodeaton, Omon. (1953.t .35}; Prim from 
X-ray negative. Light areas show corndon pits anil dag streaks. 

3. Longitudinal croo-sectlon polished anti etched, showing heavily corroded areas and fihrmis 
slag sneaks. Socket portion has been formed from thin vtrough'-iron sheet wrapped round a 
pointed former. Wings and point of the arrow-head have been imperfectly forge welded on to 
the socket, xl 

3. Enlarged view of sosdtet, showing marked banding, cinder filaments, and mixed grain si«e. 

Xl8. 

4, Photomicrograph of portion of wings of the arrow-head, showing typical wftmght-tren 
structure with fcmric grains and qntter iilametitt, The arrow-head is in the as-forged condition 
and no attempt has been nude to harden it. Vickers hardness n ^ to 153. v. 3 o 0 . 
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arrowdicad, mediaeval, from Woc^eaCori^ Oxou.* 
t^i* 192* 305, FI XVJ. 
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Biiddbtir, J D.iOn WtdmtniiiitcniTnictiire. *74. 
Kiihkr, Prof Dr. acknowledgements to, 4,144. 
Burma, ihatt funmcct in* 96* 

Rufhnell, Dr, G* H. acknowEftlgcmcnt to h 4. 
Ryblra* amulet fmm* 63, 

By£J SUh fmd complendilE of* 78; cast-uwi ring 
foMHf *4, 78; tftnp from, 117. 

CalHani, G. f on Lake NemI anchor, 1 $4, 
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Chtfir Ikw* Tell, iron found a!, 51* Gt* 
Chdoiiy^ur-SiAnt, bronze anvil From. 117* 
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Fig. al* 11c* Fig. 19, tits 00 iilo. 133s m 
lujniuers.* ! 24-5* Fig. 37; on nj.ilrfnjk<ng> 1 n, 
122 k Fig, JT* on iwagtt* IJOI on t^jli o-f 
ttirithp ll6i tm varieties of iGflg*, e 27* Fig- f®, 
Okkberf* A.: en brxriag. 143j on filea, 131* i 32: 
on lumimen, 114; m awn, 133; on rwordt of 
Holhatt period* 140; an tooti of prehistoric 
rim®. 1 17^ 

ooiithlc km mt* irrm eanteor of* t;+ 
oprn-0*it mining: tugrt in deveiopmenr of* 20* 
F5g. 1j use of* in pfehiiEdrie lime*, to; in 
Britain 1 t7* it Mitteeberg, at* at Vdbfli St, 
Vdt* 17, 

Oregon p nickeldron rn* 17 

gto: allutriiJp early me of, 301 bogdron* 501 
dxssifioition of, 13: iron-bajing, IJ; nature M 4 
required for iron-working* +&: procoi of ob¬ 
taining iron from* 38; ipathic* used fe Roman 
period* 76; mlplwr-rian, 34 of. 14. 

or^attbutioii of mbsi, jn Roman Dritain. it* 13 * 
ornaments. ok of ifrm fer P 67, 

Dumind fernacs type, rer fumace. 

Ovifik* leUurk iron at, 14, 179, 
oiidc oTtt* list of p 14: wv a/w km oiide. 

C^iferd University Fre^. adLDowladgcmrm to* 5- 
Osyriiyncbm, speeimeau fmin,irf/ knife* aw. 


pagodu* lion, m Chine, So. 
fairitiru turrodacrion of iron into, 67. 
Fakenlithk period, flint-mining in, 16. 

Pilorinc* iron in, 63-64. 
plksttes* dehnicion of, 30. 
l^aphUgnflti F iron ore in, 15. 

Pifl, J.; u» bo^-iroji ore, on thf geology of 
iron Dies* 14. 

Faroe, hoisting Eimchinery it* 31+ 

Parror, A. P go iron it Mari. 63^ 
pattOT-wcldi&g: icdiniquc of, ic 6 ; uk of P on 
iwofdifiroiiiJuEland,t65im A Ikbgpcnod. ( 6 r- 
Feike, H- on meteoric iron objccti from Komw 
tod Trout Mesopcktuunia* 33. 
pcirlite: dcocripmm of, 173; presence of* in 
Chinese oil irem, 8a; m gr*n' cut iron. $4, 7 ti 
productbo of* 17a* Fig 53s t«& in Deve 
Havuk ipcu-bciJ, Fi- TV. 3, 
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Pfttnon, C £.. Smyth e, J* A*: on Homiii 

cfe!, r+4. r*s- 
I^cjs-o'- R-i cn mctcoiift*, z#. 

Pciopnrm&tti* i trm finger-ring from, 34. 

Petty, J .* cir tneEhodi of chctitkal attah *-h r 1 — =. 
P«ry* S. fl., trft jifu cturc n} _ meteorite, 26 s 
of wialiftlriiH, *6, 

Pcmplii, inm-working* near, 16. 

Pfiiii. i ran-working in. |6, 6 1. 

Pmson, A* W. f on metal ohjecu found :fi the 
RoyalTombs at Demin. 64 f 65* 

Ffiirstp £if W M. Flinders tm early ;ook. n^ F 

Fhaistew, iron nnj; found aL Of. 
pho*p!iorDt: sn Chinese caiiingi, Sz: in mercuric 
iron- 17. 2%; properties o! iron can lining, hi, 

■74 

pick, imn, front Ladiiik: analyiu lend diattmion 
of. 1 rrz ; rikrtrtl«l. zat, Fig. 57* 6; photo- 
miLT^npb of. ioz P PI. V. e; report on, 139- 
40. 

pick*, of flnilrr> iron* and wood, mod m iroo- 

mmm& *7. ifl, 

Pi^mtjAwsc Alp T nickel-imr. in. 27. 
pig-iron t production of, 107; me nf T f 1. 
piled (compacting) technique: armi|uiTy of t I 37* 
K*S daeriptinri of. 134; eridence in 

AujrrUn specimen, 13-Jn I_a Tine iwaid, 186* 
203, PL IX. 1, 

piJkn, inwitKi Delhi. f£jf*t DW< f 44 
ptu r iron, from Alica HuyflL ; 4 
Priid, M. L Read. T*T_ and Wriglu* T. A, r on 
Chlm u 1 iron cai tings, £3. 

Fittscm, Prof. R.! acknowledgement to* 4; tm 
andnu metal working, 38; on firt-ienbg, 18- 
^ bronze hammer from Mitierbcrg* 1 tz, 
Hig. 33. the history ofancient mining 16; 

nn Minerbcrg, i^n mi mining Technique* 
EQ \ 

IV- Riven Miivjum: Oimnf ( 4 . 3; rest lux h cur- 
fled nut si*". IJS: uperimem and*ml tot. LLIuj- 
iraied, i« t Fig- tj6 + *oi, 1% 571 ipwiicem 
m, dhcumm of* /r/ uniftt arrow-lunni* Wood- 

aErm: ate, Dittiih hiirdn-; bcilorwn, iloubk- 
fluiiii? put mi diiteL Rfonze Age; knife, 
Ejkiincpi lnjfe t from FriHuTi- lnife T from 
aryrhynchnlf «w p Oiyrhynchu*; *pear > Devc 
Haynk; •rear, Va^ej tripod 1, N:mrm1i *]-e^]- 
metitwn rf nrojth% !uoL t no; 
iwflfdi e 16 In 

PbEiUncd. finds of mette-rh: jinn at. 33. 
plaque* Iron, fr»ai AUea Htiyftk. jz r "' 

Picmerj Dr- R.t nn tafi iron of the Rarnun period* 
r^ian dating of UjttHtikt findi. 7*; 

pk sj!c, prodjitktion t-f. 174. 


Plrar* nn methi>d^ of testing and niter* 
171&. 

PKttetidoff, auttieiTt frc.uriK 77, 

Pontut. in>n ore in. 1 % * 

PcwtugJil, Roman sninn tn t 31. 
porte 17: firing of in mltiion. to die dl^overy of 
iion-imehingj, 46. 47: kshi compiifitd with fur¬ 
nace. 101. 

pre-heaEMig rectmlque. uw of. : 06, 

PfeHschen. vivrk of* on mining iedntiL|iie F iq. 
propSa use nf + in mining, zs, 
riwronki, on early imn^working In Anatolia* 
50,. iti C_^!c. 64* \n sJijt Ns 4 r F-sic. 70s on If on 
in Tnur-Cjii. .l; ..l. 64; un intK- obiexn from 
Syna, ojj tin objccu of meteoric iron. 33. 
pulki. I^e T.K, jfj early (idip, jj. 
pundu Uir of in andeEiE ijmea, 1 j.o; by modem 
iTnithfp i 16. in maDn^ lunmier, 124, 
miTJty, m meul^ mediodr- rating* n, 
Pyrcmkl. Great, ai Giu + ir^n found in+ 6j p ^ F 
Pyk-n fin peering from. 34. 
pyritea* uw ot. jB. 
pyTthuDEC* dcacripbtm of, 14. 34- 

quartz. LUC of* 4 ; Dm* 41*44. 

quenehing technique: jntLquRy nt* ix, \ 1 effect of. 

172. Ksg- 5 ** i? 3 * *?H>- 

radtDgra.pli f o! t pear-head fhun Devc HiivtiL dis- 
rusicd. 1 S r 5 siluKirjtr-J. 102. I 1 !. II i. 

Raften . \ , on prehutonr anvil from trc&ami. r j ? 
Riacneisenerr* fm bjp^fc b 

mp: intiqtiitj 1 of. sit; ok of 130-1, 

Ras yfcamra. battk-«xe im 3T i i j/r uaJ/mr. 

Ra^aLI. R. 11., on imtt content of or^, 14. 

rar.or+ nj Ronum peti^i. be;’. 

Read* Prof, T. on iron-caning in China* 

^ 11 on foduction ofimn ore, _tq, 

Reading Muscueji and Art Giikn 1 specimens 
frnrrs, iff ttftJrr Rjnniart; e, Suum; apcir- 
fiejtd, Viking* 

Retm-cr, w■ tk of, 41 Giza. H>. 

Rmnfcucr, early type or' furnace, ¥7. 

Kteha-rUon. II. C".: on diAcuity of irnetling iron 
4?“4^* f'ri !»r-ging oi tueteork sron. 31, 22; on 
nji^irn Ilf Eran-wrarUngp 70s on ir^n ptlkr at 
Delhi, 1 si + on t-mehioe of ris er saimj^ 4^: r>o 
Hiiubclity or varinui ores foe imelring, 49: on 
mJbrie iron, 24^ <m tertrpcrariErc for fliuclting 
iron* 39 E un itinpering, 37} on Wootz steel, 
157. 00 of irmi fumacK. qCr. 

Rfgvedic Akc, iron known sn, ftj, 

Richard. T. A.: 00 acesdmEal smelting. 4^; -m 
Aftimux iron 1 oacicin^ T ^9; .;.ti me p .cortic ir™, 
16, 29s on nze or vntlcorEta k 2 li; on the 5 an 
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DiamingM mine, 31; on iidtiobte*. joi on 
Wootz rtscl, 10 . i £ 7 : -clSunc iron, 3$. 
fiitgf hntzud, of Rdmjm period* from l ’ r^omimr* 
H*- 

— and HnpJc*iW aajfrr* ■ !:_i"E±=_ 

— and twcc^tr*. tft iw'/r twtcttt*. 

Rio Tintn jumcf, method of drainage at, it, 
ratfikg process* 49; an Roman p r od, 50; pr*- 
nb!^ at HtJEEi'nliterj-, 

Robots A- T- t on dmiiuctne *i« 3 f 160, 

Rodeo meteorite, «mpmtlLrm of, 3$. 

Rollup. E. C. - on dtfictefwe between iron end 

iteeL < 6 ; on varieties of car: Iron,. 73, 

Roman pened: anchor, from I4U 1 Menu. 1^4: 
snvib of, 11S, f 19, asi* Fig, jo; bloom* of. 
«t Chcdworth* b™I&| in, 143; cut iron 
En. 78; Cfl*l Md for smelting m, [07; tfe of. 

T | Ip 132; Urge forgings. of* i 54.; furnace type 
of* 47> 9^ igj, eo^ 5 thjft futjwx* in* 96; 
hammer* of. ei 6* 114, r;*. fig* kiraw- 
lcdge possessed by unirin in, 15:3.1 iron-'.vnr king 
in. t 7 i 23, - 74 , 99* “Tiling tn<*fc**l* of, 31, 

««-routing in* um? of 'p-sriik CiJ-t in H 765, 
pattern-welding m + 16 1,: use ofikg m t ±2 : jtc^l 
in, £9, Wootx iteef m* 156; rvvage m p <30; 
d&mjuecne tiroithi of, i6j 6m diKusritm of 
tempering in, 571 ituu porting orr in. 3 a; tongi 
used in, 117, Fig, 38* 128* Fip, tg; mining 
tooIi u^d in. 1 8 : iron tooli ut,in Egypt- 59. 

— period. ipcebnQSd of* dbetused* <« **^r xx? H 
dfod, kntfe from Fiilford* frtm Oaythyndiu* t 
razor, saw, fickle, *tapk* tweesui, 

Roman and Mediaeval LvnJofl Lsraviin'm Coun¬ 
cil, iEtnott kdgemenl to, 4. 

Rnw Captiin (later Sir) John: collet Er.-r uE Eskimo 
knife, 391 on Eskimo iron-working t~~ 
Rfirwky, Y*m on ewt iron from Ttffdiugttm, in, 
Rowley. Shropshire, matestf b.c from. 5? 

Hovil Academy, Stockholm* nu» of telluric iron 

in* 34. 

Royal Anthropological Imstitute. Comigttee n}\ 
it* *n£tr Amfotti Mining wd Mettlfctrgv 
Committee, 

Royal Tnmh«: of Aluca H&iy&k* 6 j; of Ur H 33 - 
Ruda* hulvi from, 11, 

Rudicv rmribli:. m, rot; 

Ruddock, M tv, Pabtic Amfrv, Warrington: 

armlyics of rrrtti. ’4, ^s i sSag, 44 

Ritub* iron oxr in. 14. ^ rfAa U.S.S,IL 

Rutland. Ruiuiin iron-working in, ii. 

Ekalhurg: farge forgings j,t f t nkkd extent of 
iron Uni mi 41. j 4 - 

Salr mines, HidilltL tooti W ^4 in. Eft. 

Si^feurg re£ion P Arc-Kitiog used m* 1^-19. 


£j|n .In^elo mrteoT]te H JO-d;- tb ef T t J, 
etnd, ferrtjgtnons, t^pnrimcnti in iOielting. 49 
San Dmt[m|oi mine, wurer--vrtaJji :j 

iron (bond at. 6^, 66; dwrtdl fcniml 

at, 106, 

Sanvcujp A-* and Lee, D* C., on hardening by 
hammering* 174- 

Li\v p Amiquiiy of, 13i“J. Fig- 4;; ^ r 3 f, by 
modem imith. 116. 

— of Roman pericx] f from Oiyrh;. ndiit-: ^ d=:- 
ctm \mo of, rS8. tUiutnid. ior T Fig. J7, No- +; 
photomicrogriph, 304 T PL XIL j - 
^axoii period: 1 halt-hole kic of, w ■i^r use. 
b-;’luiaiFltaiivnT* II.; on Hockcvbenn tliluc^x* 78: 

fm Pbtimdotf itaiuaEie, 77. 

Sdiaefltr^ Dr. Ckudc F A4 tnent trj-, 

4, on early iron in the Near Esfl. 68; -on iron 
objircts ihini Minctd Bci(b.6j; rm FUi Shamn 
*a*T t J4 + 

i*:li.rethcntie + liJitliiE^ of, JI. 

S^Lumirher, G. p on n»l from Tell tl MuiwUim^ 

6 3 - 

leal^tone?, luacmiuiEc naed for* 51, 

^civeria, bub from, 32- 
$etncrkel, Mnib of. long* foond tn. nA. 
ihafii, use of: in e^rly tlmci, 13, rn Roitsan f^riodp 
11; smknaivj] in prehistoric time^ iq, 

Shand, iron-curing in< 8l- 
rhoveb* wWm*uKd tn troa-odnbg* it. 
^llt,Tcpt; iron obp-tt from, 62 i pottay kiin tt + 
102. 

Sibeni! mctcqeiic in. a 8 * 

iirkle, of RomtU piritad* from Hgyp!. rejmfl ort + 

*47- 

liJcribr (af4thic ore):discnpSion of T 14: iron con¬ 
tent of, 49; fmdring of* 49; tno of, *; 
Nnikum* 58*60; in Rimian period* Tb; wtirlrj 
at Vdctti &h Veit, ty. 
ndcrilci. das of mereomc? p 35. 
ridef^lttci; coBipraitinti of* i\ t jOs lilt of* fn 
Eun?jw and Ada, 36-37- 
Sscgcrlandi ireut^mtlimg rn. 44^ 9c; drxt^M fur¬ 
nace at, 87; prthiiroric iron j'rum. compared 
with modem neci* 5;- 
SiLhoie-AJm district* write in, 
silica, use of* as ifux, 41,44- 
dLiccin, preKrrtce of p m meteoric iron, 33. 
SilchciEcr: fcnua nr from, w ate; Roman 
File from* t ja. 

lilmt uac of p in beating* 142; tc*ti tcit, a7 t fu. 

Si ptaniji, 1 hi I t futnact a r, 9^. 
ikg: smliria and dixunion of, 41-44 ; dcSrutbn 
of* 41; iliipu<il of* ic| 1 {oh of iron do, €8; 
presence of* in African worked irons 60; fat 
fcrriUs 171 , 
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tUg-beapi, rii* of, :ji Roman period* 13 . 
slaves, tine of* in Roman ibnes* 11* 

Smallcombc* W. A** Aefcnowbdgemeni io t 4. 
smtiring, of bog-iron* 511: of mppef, lopi oj iron, 
fl* discovery of* 45-48 s evidence of. in early 
rimes* 16; titnciiuti of iron by, 13; of gdd„ 

5 T * of iron pyrites, $3: process of, discussed, 
38 ft tff?.; of rim umrij* 49; product of primi¬ 
tive, 71, 1+5- 

Smilbc, ], A., oft Viking child* 146+ 

Sommer, F+i on r^rd-making* 162 fbs on rie*> 
iite* 176. 

Spain: type of furnace in* loa - 9 Roman mines im 
2t; fuane maul used in, 18. 

Epateiienatcm, rynonym for limfmhe, q.v. 
ipalhic ore* tft under lidcritc. 
apeir-hed* from Drve Hav 01* Sj?m: andyais of* 
i8s; illutimed* aoo* Fig- 56, No. 6: metal¬ 
lurgical etMuiftid cni of* iBo-n nkkel content 
of, J5 ftn; f WomicrotgraplLi of, 101, PI Lf, 2, 
PI. IIL i p PL TV. a; photomicrograph* of, ioz m 
FI. IIL i. FL IV. i„ 3: radiograph of, aoa, P 3 . 
tL l i report on, 137-91 technique of nuLting, 
illmmiod* 1 |8 t Fig- 44; compared with that of 
Japanese fwordi* 161. 

— from Yt£e T jogofilavu: analpii of# 1841 illus¬ 
trated* loo, Fig. |6, No. is tnetaEiirgieaJ 
enunin^tion of, 184-5- photomicrographa of, 
203* FL VI- 1 + u phocofnicrTJgTTptti of, 203* 
FI. VI. | f FI. V 1 L e , 2: report cm, 1 39, 

— from Nubia, 65; dheunion of* 66. 

— of Viking period, from Reading: Report on, 
150-1; technique of, jria, 

Spektr, E- A., cm TeU Hakf pottery-firing* +6* 
Speiiale, G„ C* cm Laic Nani anchor, 154, 
Spiennep^ early flint mbes at, 16. 
ipemge iron: not obtainable b open fire* 45; pro¬ 
duction of by primitive imiihi, 38, 5;. 

Stimky, ft- H ■. on ] rim-sniditn g in S. Rhodesia*; 9. 
tuple and ring, of Roman period* from Hantgch: 
Exwnirurbn of* ifiSs ilinitrated* tQ l r Fig. 57. 
No, 9; piinEumicrographi of, 204, PL XIL u 
4; report on* 148, 

Sian, R- F- on dagger from Vor^n Tq>e* 6a. 
riatnes, or eaat iron, in China, 77, Ho. 
statuette** of rai iron* daring of, 77-7S. 
nod: accidental production of, 58? annealing of, 
5 jft oemenrite in, 5 compared wilk pfe- 
Historic irOn f 55; definition of, 51; hardening 
5 5* T7Si Wihicsi of p 3 r, 141,175, Fig h 53 ; 
by^^reulectoid, in iwordn *^j. 165; hypoeu- 
tGctobd* dcJnfiirirm of* 173: mi mi fo r tur-e ot* by 
modeni [nfthrxfi. 53, by cementaticiii protest, 
5^—59 ; fr™ wm^f iron* 106- ptodnerioa of* 
b Ckina, 84 s at Ktan; pnii*, 94-9^ in Peri it. 


1 ;7# an ptehktnric tmtw* 134, 143; prewnce 
of* in Viking chittf 146, In Rom*e child* 
T4C, m ikkle, 147, in saple, 148* in Japtnctc 
twa fdi, 1661 tempering of, 5f“J7* icmiic 
■ tren^tb of, 54, JJ| rarielto- of, 17 ?- 
itecL Wootec: anriquity of, in India, e 56; imponed 
into China, 84; nsanuJacture of, r55-81 in 
Roman period. r6o-t. 

Stead* Dr. J. E., on bloom from Con topi rum* (55. 
5 lecnflnip, rrasarcli by, on Ovifak iron. 14 
STtrinsburgR tilm fiom, 131. 

Stcwtn> U^ydv* Mem, : luknowledgtmcnti 

to* j, 135, dot report! by, 137-9* l±i* 144, 
147 - 5 °* 

— Dtiermr of Rt*eartb md Technical Devcbp- 
ntent* leknmvkdgeffleqri so, 3, rios Manager* 

i ^hfrfnir gf T Wa r r\t att^ talTurgiral RmM ft- 

icknowiMgjeuLdflts to, 3, 135. 

Sritrcn. A., cm iron^mdring in Wealphalia* 90. 
Stockholm» Royal Aoiemy at* niiw of idluric 
ban h T zt- 

Siocbiads km Main, Ronun raxor from, i;a* 
Stock too HearliR Ronun srtm^tvortbg 43, 50. 
Starri, C, ami Maeml, E^ f report on U Tine 
iwordr from Italy, 143. 
itnve, iron, from Kan grave, St. 

SinkriR E.: on charcoal burning, 106; on ilag, 4:; 
<m snicbiEig prrjeeiacp. 38s on itmtuene Srom 
Haitiitgr* 77: types of iron defined by, 53. 
Stratford-ti pan-Avon * curly [ron ^orkinp +4- 
fftrengthfc icntiie, of nrietiea of rmt and itcel. 

sHf 

S^ftcAofen; dr^enprion and diriribotioii of, to6 K 
Fig. 165 uk of* 87. 

StTrk, Stiickofen in, 104. 

Sudan* amirif? to oh used in, ito. 

Hiiphiiie orejt lipT ofl i4K uneltiTig of* in early 
limes, 16; me of, 

sulphur: effect of, in fuel, 82; propoitioji of. In 
meteoric iron! 27* m pyrrbotite, 34. 

— dintisceoe: analyria of* 162; descriprion of* 
ic;8i knowledge or, in Europe. *6i; teehoiijue 
of making. 156, 158-9. 

Sumerian period, use of trm b* 51-52. 

Siua, pottery kitm ai* 46. 

Su-ttci, Iron ore in, 49, 

Svinier?, High Caucasus., early iron-working ar> 

^ 

u« of, m attQtiit tames, 130? by modern 
jmitb* 115, *P- 14.25. 

Sweden, iron ore in, 14; Osmund furnace in* 10a. 
Swirxcrknd, La 1 'tce rmrrdi from* nt w*d*f 
iwofda. 

sword: of Bmnxc Age, from Whittangham* t*2: 
Japanese* made from a meteorite^ 37. 
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twDgilp iron. of HiliitiM period, from lldganl*: 
sroriysta and report on* Mc-t; hilt of, ilk*- 
trmkoJ. 141, Fig* 45, 

iword*, two iron* of U Tine period, from Faino 
and Bergamo* report on* f+j, 

— two iron, of La Tine period, from La Tine: 
amlyiri and dtrau-ian of (194.7 019), tSj 
(1947,640). i£6; iUuirrmted, joi, Fig. <7# 1, 
10; photomicrograph (la+yjfi+o), 105, PL IX. 
i; photomicrograph* (9+7*639), 20%, Pi, 
V 1 IL i-j (947.640). toj, PI. LX. 1, PL Xs 
ftport on, 144. 

— brazing of. 1 41; damascene, 14S, Fig* 

46* 47 ? Japanese, Tti; dricUHicm <rf + 166- 

figs, 48, 49; maisnfacttiro of* 161 Gm 
emvingjart and CkfiovntgUri* 161-3* photo- 
micrographs of* 202 . PL Lit Nydam type* 
i6i: of Roman period* from Vimroe, 1&6; 
iled* replacing iron, 165. 

Syria: iron ore in, r^; early iron-working in. 63, 
64 $tf ipCJJ-tfciii from Dcvc Hayflk. 

taajtes lurdnea of. j 1; embedon *>f. * 74 - 
Tamili, Woatr strel nude by, ($ 7 - 
Tarxdorf* untiring furnaces af, 40, 87, 93 - 
Tiara* region, iron otc in. i j* 
lelhirk iron, f*^ irnn- 
lonperarare: for firing pottery, +65 importance 
and effect of. in i ron-smelting, 39 \ range oh in 
primithe smelling* 73 ^ 75 5 f QI tempering ^oia* 
r75^« Fig, SJ; for tempering sted* $6. 
tempering: colour ju- guide to, 57: de&nitioo of* 
176; effect of, |Ji preccw of, ;6, 575 in 
Roman period. 147. 

Thole* of Hagia Triad*, iron at* 64, 

Thutmotii III. iron objects from rime of* 6j, 
Tiddm^ani can iron of Rohm period at* 76, 

107 i tLg ah 44 

4 uni f method of impmng, 5 7 
Tipan Mountains* iron cre in* r 5. 

Tokitva. Bn, on cur iron Baddy* in China, 81. 
Token. Ibrgkg of meteorite front* 31, 
tongs: of hunboo* from Assam, (tO[ modern 
b!ncina»th\ r 13i early and primitive, 126; 
devices for tacking* ttB* Fig, 49; hinged, 
spring-back, 126; use of, in forging iron* 69, 
109; withy used u, tab, 
tools: mining, !7s African. 109-1 ^ 

modeni bLickfmiih'i. it0^16; prehUtoric and 

early, 116-33. ^ rf d ^* ^ ^ 

dsviJhXi tveh* 

_irtionc, ntifildug of iron ^eq™ wstti, 177. 

tuutbtone, trfc of* k testing mciaU, r71 fit. 

TruiavCaucftsia* iron object! from. 64. 

Transport erf ore, method* of. a*. 


tripods from Nimrod* pieces of iron from (1913 
6.1): report on, T37, 180: illustrated, j qj, FJ. 

E, I* 

trooiritc, producutio of* stj, Fig, jit 176. 

Troy: of iron objeeo from* 335 date of 

iron it, 6+- 

Tab dynasty, iron in P 67- 
Tttnanfu, cut iron Buddha from* 67. 

T*o Chu-flOp Tclcrencc to iron k* ? 9 - 
1'rounui^ C* and M*n*n, J. I* on place of Oba, 

K 

IkfndL Mm Ot^: acknowledgment to, 4: 00 
iron from La chub, 63; spedmen lent by* J02. 
Tttii tribe* K. Nigeria* ftnitbrng method* of. 1 ia* 
tutmeta, uic of, for drainage. 2 1. 

Turaer Mound*, Ohio* meteoric iron objects 
found in, 39 

Tuxanp* early ;mn-wcrkbg la* 71. 
Iktankhamun* iron objects found in tomb of, 
3 => 5 t- 

tuyeres: uwc nf* in ftwxnd-draught furnace, 88s *1 
EngjbcditaL 90; ai lulling, 98: modem type 
of, 111, Fig. 17; a* Woobthorpe, 47 
tweeters, derebpmeat of tnpgi ffmu, 116. 

— and ring, of Roman peritsd, fram Hirageb: 
ei animat: on nf f i S 3 ; ill nitrated, 201, Fig. 57* 
No. Si pk>mmicrogTiph of F 204* FL XIL 
report on* i+ff* 

Tyrol, fire-«ttitig used in* 18, 

Uri haematite found it* ft; Royal Tomb* of* 
meteoric iron found k, 33. 

Uml Mountain*, niotekrwi m* a?. 

Ure, Aj* on Wootz *rceL 158, 

Uriconium. ring from, I 4 t^ 

Urok* potreay kiln* tt* 46, 

U.8.S.R.* Special Mete&rire CouiiuittM of* ai. 

V*?e T jugcokvia, ?pcjir-h^e*d from, w **d?r 
ipar-heod. 

Viphio thuluf romb, iron rings foand in* 65, 

VeLem St- Veit; iron-mstiing ir h t6^ %ji uk of 
ligtulr if* 108; ahj.fr fnnuicc ar T 96, 
venriktion, method.of:in early tron-w^fkings* 19; 
in Rornao period, ±t* 

Viking period: chisel of r from Yorkshire, 146; 
ipcar-head of, from Rndrrsg. 150* 16 a: 
pattern-wdding in* 161- 
Virnow, deposit of Iron monii at, f 65. 

VirolJeiud, CIl, on iron uuukr from Bybh»* 6j- 
Vogel, O.* on antlyri* of mceoaric iron* 37- 
Vorwuldc* Hjtmiref, itm ring femnd at* 64 

Wiiawisghf. G. A-S on iron betdi from Gcrtah, 
32; on early iAOH-Jcdgc of iron, 35; on meteor- 
Eteau tS* m Nubian tpear-heacL 66. 


SI9 







Walters, K. H* H,. acknowledgement (a, 5. 

wand, flint* from Egypt* iitm drpoiiE on, 66. 

Wuringtiin, Roman iron-working* at at new, 41; 
jtniljTP of »kg ftoia, +3: es* iron *i P 74-731, 
furnaces m, 50; uic of end *i, 107* 

Wirwi^hhift* Roman iron working in* 11 . 

waiei* in rainei, nicihod of remavpig, ig, IT. 

WealJ of Kent: diimou^buming in, to6j iron- 
working! in. 12; of *kg in, 42. 

^HK>n5, UrK of iron for* 68 P 69. 

Wdtnhaujai* P.; on use of bog-smn ore, 50-51: 
on trp« of furnace* 8&+ 90-95; fin nickd am- 
teat.of iron. 35s on production of *tcd F 58. 

welding: temperature for, 109; of meteoric iron* 
3*; of swords 163-4, Figi* 46. 47; of Japanese 
jwi>fdi t 166-94 ftp. 4W, 49. j//i fejgr^v 
patten-welding. 

Wdkpmc—Maritort Archaeological Research Ex¬ 
pedition to the Nqzf E*M, 4, 

Westphalia, im-iindtmg in* 9^ 

Wliisaker, F.. Manager* Metallurgical Kdiut^ 

Main, Stewira & Lloydi: adnmkdgesicnti 
to* 3, 135 s on 1 hurt-hole air, 14S; on fbrgjng 
from piled wrought iron, 1 5 1; on meteoric ixan r 
17- Sir *Jra ttadrf Sttmtrtl 4- Lloyd*. 

Whittier* j. H.. cm otmentiLe in ncd. 173. 

Whittingbam* bronze twofd from, 141. 

WidmuuiiitieTL atmeture: description of* 13—16, 
173; seen in chhel of Viking period, 146, in 
iron of Dido 1 dand k 24* in pici from Laekiih, 
185, toi, FI- V*1* 

WUdenpwh attahid of slug from. 43, of iron* 74, 
of cut iron* 75; Hottun furnace* «* 50. 


INDEX 

| Willis eui* T Manager, Chemist ReMreh, 
Mean. Slewarts 4 Lloyds* mlcno wbd gemwin 
To, 3 1 135* *5Vf afte Mufr Stewart* 4 LToyck. 
Witter* Wi! on accidental production of iron* 48; 
on early production of iron from ore*. 47-48; 
on EmtKiti iiuMPmifaigt 44, 99; on Ra* 
Stump axe, 34- 

Wolf, introducer of arufitiii nkkd-^tecl* 30. 
wood* vantiin nf, used ib malting duxoaL to6* 
Woodtiton, inowdioid front, w ajrjfrr mow* 
head. 

Woolley, Sir Leonard,, iron object* Ibond at Ur 
J 3 - 

Woolitliorpc* Roman furnace it* 47, 

Wootz iWcS, nr uxrftr smL 
Wftgh,l a G. E F on iron in Palestine, 63. 

X-ray exumnitipn* kiticc irmcturei ihown by* 
170* Figi* fc* fn negative, pnnl from: of 
mcdkeval arrow-head, 105 * PI- XV L i s of 
Roman knife, jSq, 204, FL X 1 11 - 1. 

Vcshil Irma a, iron ore at. If* 

Vorgin Tepe, iron dagger front. 6a. 

Young* W. J. h (hi kua from temple at Giza, 66. 
Yfl Gih&an iron pagoda at. 8o k Sf. 

JkdtrUkp metbodt fur tcrane gold and aiher 

rdefiiioned in, tjt* 

Zimmer, G. F*: on maElcability of meteoric iron* 
p. 31: on meteorite*, zBi Uthlc of mcDcofft«, 
36^37? on telluric iron, 24. 

Z^hockCt vrarv of. ou mining technique* 19- 





I'I. \TK I 




j F [ J !ioinmirru^rajTln of rtirlkfc . !■ U?4^' 



3 Pirt c* of i frin i n p*di, Ni rnru J * S * h e cniu r ■. n -■.. 

Sf< fr jftl * 







hr,, nr | -hlr.Utd And i:\i W U'rtuw Ol ttlKivi -ium-n^ IjurtJ 









PI A.TI- If I 




7 ji-_ i PiniiviiniCffjjEfipIt of' [Jc\t IhiynL ihf^vin^ inTUnfleii ilfusitffc, 4 


Fir„ a. Fhotomicrofraplt of ihc aine. 


f. 






PLATE IV 




I oppCf ffUfi! jrtlllT 


J 1 ir., 2 , I p *inmmurogn pti of crwr^-teci rcm cf hoc feet 
«■ > 4 


Vh PhjMWTiitrc^fflfili ilicivk LTkj> fine 
imjrrurt. - rooo 


I.'AVI Hh'LK 


iVri 


*. J»*iJ 




PLATE V 






1'i.ATK VI 



vac- i si'Mn-iiait 



J’L \T£ VJ 



V \i f SPEAR-II I 11* 
*V.V f Jrtf 




PLATE VIII 



■|T5 
-g - 

5 Cto 


* 

- • 


Si 

Z2 


|j 

a-g 


l'l 

S z 




t’ L ATI IX 




_ itfU4!turcfliai<.L>fri^i<m ~ f h - J > 1 )in^irj3cro|ia 


N. vn s 



PhnifiDiLL'm^rapli Jroiii * mtin^dgf. c ^co 

LA TES£ sword (1947-6+0) 

& - ^ VL-I I 



Pi ATE- XI 


i 'tf.. i. PkiMortiicrofrifik of part ui bliJc ih«mi*>-r^eL| itrthirc, Fm> t, Photonjic^ajFrtph fertile &miiaiiilii| Nc-miunn touuk 




H..VTK XII 




Pi. AT v Xjjr 





Fig i. X-my, 
famm kmlir, FYil 
Fold 

k n.r ^ is>|t 
hum mid ul‘ I'nlliitrJ 
knite. i j • >■ 

Ktfi, 3. PhcitomJ- 
1-rr-prj p 1 1 i il FWlInr-d 
knifr. 41*3 


Fir: 4. PKnTrttfti’ 

1 Rurmr 

SikhalfT, 

■ J, ■ 10 



















PLAT!' XV 



Viti. 4. Elm i.^ruijliifc of blade, ■ IOC 














































Central Axcfeacologka) Library. 

NEW DELHI- ft 


Call No 



Aothw -H/i- C&M**- 


1 Title—^ 

/Uf^? S /t il t 

hpimwhj Hg. , 

r j pTj*l 

Clitt* iT Uiuf 

Dftt* vt Hnuia 


I 




’*4 bock (/hit is sftui is buf a block'* 

JV ^ 

GOVT OF INTJ1A 

Dcpartffiii^i Atclidifllojf 

£■’ NEW DELHI ^ 


I'ksa&j kelp ua tr> keep ill* IkmiE 
(leuo n>ml nmriftg. 




















